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Cholangiogram with Diodrast 35% showing stone in distal end 
of common duct. Illustration, courtesy of Dr. J. Buckstein, 
author of “The Digestive Tract in Roentgenology” (Lippincott, 
1948) in which a whole chapter is devoted to this procedure. 
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even caused death.’* 


Diagnosis: In the adult subjective symptoms give the first 
clue to diagnosis. Clinically, heart beats are irregular in 
tachycardia of ventricular origin, while they are regular in 
the auricular tachycardia. An electrocardiogram taken during 
an attack aids differential diagnosis.’*® (See illustrations.) 


Electrocardiogram. (Lead 2) of Auricular paroxysmal tachycardi 
usual mechanism; from W bite. 





Electrocardiogram. (Lead 2) showing Ventricular paroxysmal tachycardia — 
usual type onset; from W bite. 
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Lanatoside C* dosage to terminate an attack ranges from 
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THE EFFECT OF THE INTRAVENOUS ADMINISTRATION OF 
DEXTRAN ON CARDIAC OUTPUT AND OTHER CiR- 
CULATORY DYNAMICS? 
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(From the Medical Service, Lawson VA Hospital, Chamblee, Georgia, and the Department 
of Medicine, Emory University School of Medicine, Atlanta, Georgia) 


(Submitted for publication February 14, 1951; accepted June 18, 1951) 


INTRODUCTION 


It has been well established that partially hy- 
drolyzed dextran is effective in expanding and 
maintaining the plasma volume (1-3). Previ- 
ously, there have been numerous investigations 
concerning the effects of plasma volume expan- 
sion on the circulatory dynamics (4-7). Many 
of these studies have used saline or plasma pro- 
tein preparations. The former only temporarily 


expands the plasma volume and then rapidly dis- 
tributes itself in the extracellular fluid; whereas 
the plasma protein has a more permanent intravas- 
cular residence. Other investigators have utilized 
solutions of gelatin (8), gram arabic, and acacia. 

Dextran provides another opportunity to study 


the effects of hemodilution and plasma volume in- 
crease on certain physiological aspects of the cir- 
culation. Investigations of this nature have been 
reported by Bull and associates (2) on two pa- 
tients studied with the cardiac catheter during a 
surgical operation. 

Using the dye dilution technique (9, 10) for 
determining cardiac output also provides a unique 
opportunity to study the effect on the pulmonary 
circulation associated with blood volume ex- 
pansion. 

Data to be presented show that dextran con- 
sistently increased the plasma volume proportion- 
ally to the amount administered and that the effect 
was prolonged. Cardiac output was increased in 
every case. The increased plasma volume was as- 
sociated with prolonged elevations of pressure in 
the pulmonary circulation. 


1 Reviewed in the Veterans Administration and pub- 
lished with the approval of the Chief Medical Director. 
The statements and conclusions published by the authors 
are the result of their own study and do not necessarily 
reflect the opinion or the policy of the Veterans Adminis- 
tration. 


METHODS 


The patients were studied in the fasting state. All 
were male, and their ages ranged from 22 to 44. Diag- 
noses and a summary of important data are listed in 
Table I. All of the patients with lung disease were 
afebrile, well hydrated, and their lesions were well local- 
ized. The partially hydrolyzed 6 per cent dextran ? solu- 
tion had a viscosity of 3.31 centistokes at 25° C and was 
made up in 0.85 per cent saline. 

Pulmonary artery catheterizations were performed 
with a 6-F and 8-F intracardiac catheter. The systemic 
arterial blood samples and pressure records were obtained 
from an indwelling, femoral arterial needle. An electro- 
manometer (Sanborn), recording through a single chan- 
nel, direct-writing electrocardiograph (Sanborn) was 
used for all pressure tracings. Arbitrary reference point 
was 5 cm. below the level of the sternal angle of Louis. 
Mean pressures were obtained by electrical integration of 
the pulse contours. Pulmonary “capillary” pressures 
were obtained as described by Hellems, Haynes and 
Dexter (11). 

Cardiac outputs were derived by the method of Hamil- 
ton (9, 10), using Evans Blue dye (T-1824). Concentra- 
tion of the dye in the plasma was determined according 
to the method of Dow and Pickering (12). Dye output 
determinations have been shown to correlate well with the 
Fick procedure (13). A figure (“Q”) was also derived 
from the dye curve as an index of pulmonary blood vol- 
ume, as described by Ebert and co-workers (14). “Q” 
includes the blood volume in the lungs, left heart, aorta, 
and certain large arteries. Pulmonary arteriolar resist- 
ance and cardiac work were calculated according to the 
formulae mentioned by Dexter and associates (15). 

Blood volume was determined according to the method 
of Gibson and Evans (16). Specimens were obtained 
10 minutes following the injection of Evans Blue dye. 
Estimated changes in blood volume after dextran were 
made by assuming that the changes were proportional 
to the percent of changes in hematocrit. However, Leard 
and Freis (17) have shown that this method failed to 
show accurate quantitative changes in patients excessively 
hydrated over a period of five days, when blood volume 
determinations were done by the dye method before 
and after hydration. However, the hemodilution which 
occurs following dextran injection has been shown to be 


2 Supplied by Commercial Solvents Corporation. 
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* Before administration of dextran. __ 
¢ 10 minutes after dextran administration completed. 


of the same order of magnitude by both hematocrit and 
serum protein determinations (18). z 

Venous pressure readings were made with a Burch- 
Winsor manometer (19). 

The basic experiments were done as follows: the pa- 
tients were given mild sedation (1 to 3 grains of sodium 
phenobarbital intramuscularly), the catheter tip passed 


TABLE II 
Average determinations before and after 
dextran administration 
Before 
5.06 
2.70 
86 


60 


Cardiac output (L/min.) 
Cardiac index (L/min.) 
Pulse rate (beats/min.) 
Stroke volume (cc./stroke) 


Pulmonary artery pressures (mm. Hg): 
Systolic 20 
Diastolic 7 
Mean 12 

Blood volume (cc.) 3826 

“O” (cc.) 800 

Femoral artery pressures: 
Systolic 
Diastolic 
Mean 


71 


Venous pressure (mm. water) 
Work (kg. m./min./sq. m.): 
R. ventricle 
L. ventricle 
Circulation time in secs.: 


Lesser 
Mean 
Total 


{25 minutes after dextran administration completed. 
§ 90 minutes after dextran administration completed. 


in the pulmonary artery, and the indwelling, femoral ar- 
terial needle inserted. An initial dye injection was made, 
and several pressure tracings were taken. Patients were 
tested for sensitivity by the intradermal and conjunctival 
injection of dextran. Five hundred cc. of 6 per cent 
dextran were given intravenously at the rate of 25 cc. 
per minute. Pressure recordings were done midway in 
the administration of the dextran, immediately after its 
completion, and at frequent intervals thereafter. Second 
dye injections were done at about 10 minutes after ad- 
ministration in most cases and at 25 minutes in two cases. 
A third dye injection was made after 90 minutes in the 
last case. There were no untoward reactions to dextran. 


RESULTS 


As shown in Tables I and II and in Figure 1, 
there were increases in cardiac output in every 
case following the administration of dextran. 
There was an average rise of 38 per cent if deter- 
minations were done within 10 minutes after in- 
jection. The change in stroke volume was com- 
mensurate with this increase, but the average pulse 
rate showed no appreciable change. 

As illustrated in Figure 2, when dextran was 
given, there was a gradual rise in pulmonary ar- 
tery pressure during the infusion. The peak rise 
was noted immediately after the completion of the 
dextran administration. There was usually a 
gradual decline in the pressure ; however, the peak 
was maintained for only 12 to 20 minutes in two 
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cases, then fell to lower but still elevated levels. 
Four patients showed increases in mean pulmo- 
nary artery pressure of 5 to 10 mm. Hg after 45 to 
90 minutes, and the pressure in one patient fell 
to normal limits after 32 minutes. The rise was 
due to a greater increase in the systolic than in the 
diastolic pressure in three cases, and the rises were 
about the same in both pressures in two cases. 
The average rise in the mean pulmonary artery 
pressure was 6 mm. Hg 10 minutes after dextran, 
at which time the dye was injected, but the average 
mean peak rise, which occurred earlier, was 9 
mm. Hg, with a range from 4.5 to 15 mm. Hg. 

As recorded in Table I, there was a marked 
and prolonged rise in pulmonary “capillary” pres- 
sure in Case 1. In Case 5, the pulmonary “capil- 
lary” pressure rose from 6 to 13 mm. Hg immedi- 
ately after dextran but then fell quickly to a very 
slightly elevated level. Figure 3 illustrates the 
pressure changes noted in Case 1. 

The average estimated increase in blood volume 
was close to the amount administered (500 cc.), 


BEFORE DEXTRAW 


Fic. 3. 


FLEMING, AND W. L. BLOOM 


but the “Q” value average increase was about 300 
cc., as shown in Table II; however, if Case 4 is 
omitted because of its unusually large increase, the 
average increase in “Q” is only 192 cc. 

Relatively small changes were noted in the 
systemic arterial and venous pressure following 
dextran injection. Table II indicates that there 
was a 98 per cent average increase in right ven- 
tricular work and a 41 per cent average work 
increase of the left ventricle following dextran 
injection; however, absolute changes in work in- 
dicate that the left ventricle increases its work 
output considerably more than the right ventricle. 

In general, the lesser circulation and total cir- 
culation times usually showed no constant or 
marked changes, and the mean pulmonary circu- 
lation time decreased slightly in most cases. 

Studies on two of our patients and on numerous 
other patients receiving either 500 or 1000 cc. of 
6 per cent dextran have shown no changes in the 
vital capacity. 


AFTER 500 CC 6% DEXTRAN 20 CC/uIN 


Putmonary ARTERY, PULMONARY “CAPILLARY,” AND RIGHT VENTRICULAR PRESSURE 


Recorpincs Notrep BErorE AND 10 MINuTES AFTER THE ADMINISTRATION OF 500 cc. oF DEXTRAN 


To Case 1 





EFFECT ON CIRCULATION OF DEXTRAN GIVEN INTRAVENOUSLY 


DISCUSSION 


There have been conflicting reports concerning 
the ability of increased blood volume to enhance 
consistently the cardiac output in normal subjects. 
Whereas McMichael and Sharpey-Schafer (4) 
have stated that elevations in diastolic filling pres- 
sure will produce an increase in cardiac output in 
man, Warren and associates (5) have denied that 
this occurs regularly in normal humans when the 
right atrial pressure is increased by intravenous 
saline or human serum albumin. In both of these 
studies the cardiac output was measured by the 
Fick principle. Also, Doyle and co-workers (20), 
using saline and both the dye and Fick procedures, 
have found no consistent increase in output. 

As shown in Figure 1, there was a consistent 
increase in the cardiac output following dextran 
in all of our cases using the dye method. Cardiac 
output was still elevated after 25 and 90 minutes, 
respectively, in two cases. 

While, theoretically, there are several differ- 
ences between raising the ventricular filling pres- 
sure with an osmotically inactive diluent such as 
saline and doing the same thing with an isotonic 
and isoncotic fluid such as dextran, it is difficult 
to see how the albumin and dextran solutions 
should differ hemodynamically in short term ex- 
periments such as these. Actually, in Warren’s 
seven cases given albumin infusions, five had in- 
creases in cardiac output. The other two cases 
had relatively high “basal” outputs with subse- 
quent falls into the normal range after albumin. 
Dye and Fick methods have been shown to be com- 
parable (13), and it can be seen that our patients 
had lower basal outputs generally than those in 
Warren’s series. 

Hardy and Godfrey (6), using the ballistocar- 
diograph, found that the intravenous infusion 
of physiological saline solution caused an in- 
crease in cardiac output in patients who were de- 
hydrated but produced no change in normally hy- 
drated subjects. Fletcher and associates (7), also 
using the ballistocardiograph, showed that the in- 
travenous administration of 6 per cent ossein gela- 
tin solution produced a marked increase in minute 
volume output in very debilitated patients, but the 
change in output was not very remarkable in 
normal patients. All of our patients were well hy- 
drated, and none was debilitated. 
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Altschule and Gilligan (8), using the ethyl 
iodide technique for cardiac output, reported 
that there was a direct correlation between ele- 
vation of the peripheral venous pressure and in- 
crease in cardiac output. They stated that if over 
a liter of saline is given intravenously at a rate 
faster than 20 cc. per minute, normal individuals 
will respond with a temporary increase in cardiac 
output. Doyle and co-workers (20) state that 
their results are inconsistent following infusions 
of saline at rates of 100 cc. per minute. Our pa- 
tients received only 25 cc. per minute. That ve- 
nous pressure is elevated following dextran in- 
jection, has been shown by several investigations 
(2, 3, 18). 

It has been reported (1, 2) that during adminis- 
tration of other preparations of dextran, more ve- 
nous engorgement occurred than is noted with 
comparable amounts of blood or serum albumin. 
It was suggested that this resulted from osmotic 
withdrawal of fluid from the extracellular spaces. 
This excessive engorgement did not occur with our 
isotonic, isoncotic preparation of dextran, and the 
blood volume studies showed only increases com- 
parable to the amount of dextran solution adminis- 
tered. 

The data presented here might suggest that in 
these cases the increases in cardiac output are due 
to increases in the total plasma volume, resulting 
in increases in stroke volume. 

In the calculation of the “Q” value, it is ap- 
parent that the average “Q” increase was around 
300 ce. (or about 200 cc. if Case 4 is omitted), 
while the total blood volume increased only by the 
amount of fluid administered (500 cc.). It should 
be pointed out that this disproportionate increase 
in “Q” does not mean an increase of 300 cc. in the 
pulmonary blood volume, for the vascular bed 
of the lung is only a portion of “Q.” Cournand 
(21) believes that the average human lung con- 
tains about 400 cc., whereas the average “Q” value 
is about 1000 cc. In our experience, the pulmo- 
nary blood volume index (“Q”’) usually does not 
vary more than 15 per cent in repeated determina- 
tions in the same patient with an undisturbed 
circulation. However, others feel that the “Q” de- 
termination is inaccurate and that changes of the 
magnitude mentioned in our discussion may not be 
significant. 

Following the dextran administration, rises in 
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the peripheral venous pressure were relatively 
small (10 and 12 mm. H,O), whereas most pul- 
monary artery pressure rises were around ten 
times that amount. Figure 2 shows that changes 
in mean pulmonary “capillary” pressure almost 
completely accounted for the rises in mean and 
diastolic pulmonary artery pressure in that case. 


SUMMARY AND CONCLUSIONS 


1. A study was made of the effect upon the 
circulation of increasing the plasma volume by the 
intravenous administration of 6 per cent dextran 
in five men. 

2. In every case there was a prolonged rise in 
pulmonary artery pressure and an increase in the 
cardiac output. The changes in pulse rate and 
systemic blood pressure were slight and incon- 
sistent. 

3. Blood volumes after dextran showed only in- 
creases comparable to the amount of solution ad- 
ministered. The dextran used was isoncotic and 
isotonic. 
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Soon after the introduction of the one- and two- 
stage methods for determining prothrombin, it was 
noted that while the ‘results obtained by the two 
procedures generally agreed fairly well, marked 
discrepancies occurred in certain specific instances. 
Particularly puzzling has been the observation 


that the prothrombic activity of human blood | 


as compared with dog blood, when measured by the 
two tests, is markedly different. Warner, Brink- 
hous and Smith (1) reported that the prothrombin 
concentration in dog blood is 350 units per cc. and 
in human blood 295 units. More recently Murphy 
and Seegers (2) found 190 to 205 units in dog and 
290 to 315 in human blood. Mann and his as- 
sociates (3, 4) reported that the average for dog 
blood is 183 units per cc. and for human blood 319 
units. These findings indicate that the prothrom- 
bin concentration as measured by the two-stage 
method is approximately the same in the two spe- 
cies. When determined by the one-stage method, 
the prothrombic activity of dog blood, in marked 
contrast, is many-fold higher than in human blood 
(5). The reason for this divergency has not been 
satisfactorily explained, but obviously as long as 
this problem remains unsolved, a marked gap in 
the knowledge concerning prothrombin remains. 
In the present investigation human and dog bloods 
were studied by means of the prothrombin con- 
sumption test and by the adsorption and elution 
technique for determining prothrombin with the 
aim of obtaining new data that might be helpful in 
arriving at a better understarding of what consti- 
tutes prothrombic activity. 


METHODS 


The prothrombin consumption time. The directions as 
previously outlined were followed (6, 7). In carrying 
out the prothrombin consumption test on serum from 


1 This work was supported by a grant from the Division 
of Research Grants and Fellowships of the National In- 
stitutes of Health, U. S. Public Health Service. 


platelet-poor plasma, blood is collected with a silicone- 
coated needle and syringe, and immediately transferred to 
silicone-coated test tubes immersed in an ice bath. After 
the tubes are chilled for 10 minutes, they are centrifuged 
in an Angle Centrifuge at 8000 r.p.m. for 10 minutes. 
One cc. of the plasma (having a platelet count less than 
3000 per mm.) is transferred to a glass test tube and 
placed in a water bath at 37° C. The fibrin is removed 
as it forms by wrapping it about a glass stirring rod. 
When the coagulation of fibrinogen is complete, the se- 
rum is tested every five minutes for its prothrombic ac- 
tivity. Usually it becomes constant in 15 minutes. The 
prothrombin time is determined as follows: To a mixture 
consisting of 0.1 cc. deprothrombinized oxalated rabbit 
plasma, 0.1 cc. thromboplastin and 0.1 cc. 0.02 M CaCi, 
solution, 0.1 cc. of serum is added by blowing from a 
pipette. The formation of the clot is accurately timed. 
The determination of prothrombin by the adsorption 
and elution technique as developed by Stefanini and the 
writer (8) was followed. In this test the prothrombin is 
adsorbed with tricalcium phosphate and then eluted with 
sodium citrate. Since one volume of eluate contains the 
prothrombin of 10 volumes of plasma, the eluate is mixed 
with nine volumes of deprothrombinized rabbit plasma for 
assaying its prothrombic activity. Rabbit plasma has 
been found to be a satisfactory assay medium because it 
has a high and constant concentration of labile factor. 


RESULTS 


A comparative study of the prothrombic ac- 
tivity of human and dog plasmas and sera are re- 
corded in Table I. The prothrombin time of nor- 
mal human plasma is 12 seconds and of dog plasma 
six seconds. The same values are obtained when 
determined by the adsorption and elution pro- 
cedure. On storing oxalated human and dog 
plasma in an open container at 4° C., the pro- 
thrombin time steadily increases but in human 
plasma the rise is much more rapid. If depro- 
thrombinized rabbit plasma, which is a rich source 
of labile factor, is added to the stored human 
plasma, the prothrombin time is decreased to eight 
seconds. Likewise, the eluate obtained from aged 
human plasma yields a prothrombin time of eight 
seconds. When the labile factor is restored in 
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TABLE I 


The comparative prothrombic activity of dog and 
human plasma and serum 


Experi- Prothrombin time 
ment Direct Of eluate 
no. (sec.) (sec.) 
1. Dog plasma fresh 6 6 
2. Dog plasma fresh, 9 volumes + 
Rabbit Ca3(PO,)2 plasma, 1 volume 6 
3. Dog plasma stored 2 days 8 6 
4. Dog plasma stored, 9 volumes + 
Rabbit Ca;(PO,)2 plasma,* 1 volume 6 
5. Dogserum from platelet-rich plasma 15 15 
6. Dogserumfrom platelet-poor plasma 64 63 
7. Normal human plasma fresh 12 12 
8. Normal human plasma fresh, 
9 volumes + Rabbit Ca3(PO,)2 
a 1 volume 124 124 
9. Normal human plasma stored 2days 17 8 
10. Normal human plasma stored, 
9 volumes + Rabbit Ca;(PO,)2 
plasma, 1 volume 8 
11. Normal human serum from 
platelet-rich plasma 21 21 
12. Normal human serum from 
platelet-poor plasma 8 8 


* Fresh oxalated rabbit plasma treated with Ca3(POx,)2. 


stored dog plasma, the prothrombin time again 
becomes six seconds; likewise the eluate has this 
value. There is, however, no-inerease in pro- 
thrombic activity during storage. 

When platelet-rich human or dog plasma is 


clotted, the serum has a comparatively marked de- 
crease in prothroimbic activity. 
clotted after the removal of platelets, human se- 
rum has a prothrombin time of about eight seconds 
while dog serum has a value of six and one-half 


If the plasma is 


seconds. Native plasma, either platelet-rich or 
poor, from a severe hemophiliac, when clotted in 
glass yields a serum that has a prothrombin time of 
eight to eight and one-half seconds. In every in- 
stance the direct prothrombin time agrees with that 
obtained by the adsorption and elution procedure. 


DISCUSSION 


The simplest explanation for the difference of 
the prothrombin times of dog and human plasmas 
is that the former contains a much higher concen- 
tration of prothrombin than does human plasma. 
This conclusion is supported by the finding that 
on assaying the eluates of dog and human plasmas, 
it is found that their prothrombin times are six 
and 12 seconds respectively—the same as found 
by the direct one-stage test. 

Although it has been shown that increasing 
the labile factor above the minimum level required 


for optimum prothrombin time does not further 
shorten it (9), it may still be claimed that the 
higher concentration of labile factor in dog blood 
might be responsible for the faster clotting time. 
When the prothrombin is determined by the ad- 
sorption and elution procedure, the labile factor 
is not a variable, because in the assay of the eluate, 
a standard amount of deprothrombinized rabbit 
plasma, which has a high concentration of labile 
factor, is employed. The close agreement between 
the results of the direct one-stage and the adsorp- 
tion and elution method is good evidence that the 
labile factor does not influence the results of the 
one-stage method unless it is below the minimal 
requirement. 

When normal dog blood clots, the prothrombin 
time of the serum increases because most of the 
prothrombin is converted to thrombin. In the ex- 
periment recorded in Table I, Exp. 5, the pro- 
thrombin time of the serum is 15 seconds. By 
means of the prothrombin curve for dog blood ob- 
tained by saline as a diluent (7), one can estimate 
that over 90 per cent of the prothrombin in this 
serum is consumed. In marked contrast, when 
platelet-poor plasma clots, the prothrombin time 
of the serum is practically the same as that of the 
plasma (Table I, Exp. 6). On account of the 
lack of platelets, so little thromboplastin apparently 
becomes available that only a very small amount 
of prothrombin is consumed. It is to be noted that 
in serum from both platelet-rich and poor plasma 
the prothrombin time by the direct one-stage 
method agrees with the values obtained by the 
adsorption and elution test. When oxalated dog 
plasma is stored, the prothrombin time slowly in- 
creases, but the eluate from this aged plasma had 
a prothrombin time of six to six and one-half sec- 
onds (Table I, Exp. 3) which clearly shows that 
no significant change in prothrombin occurs in 
dog plasma during short periods of storage. 

When normal human blood clots, the serum has 
a prothrombin time which usually ranges from 15 
to 30 seconds. This illustrates that, as in dog 
blood, much of the prothrombin is consumed dur- 
ing clotting. Fresh native plasma depleted of 
platelets by high centrifugation when clotted in 
glass yields a serum which has a prothrombin time 
of about eight seconds (Table I, Exp. 12). Sig- 
nificantly, the serum obtained from the clotting of 





PROTHROMBIC ACTIVITY OF HUMAN AND DOG BLOOD 


TABLE II 


The changes in prothrombic activity observed in hemophilic 
blood on storage and after clotting 
Experi- Prothrombin time 
ment Direct Of eluate 
no. (sec.) (sec.) 


1. Hemophilic plasma fresh* 12 12 
2. Hemophilic plasma stored 2 days 18 8 
3. Hemophilic plasma stored, 

9 volumes + Rabbit Cas(PO,)2, 

1 volume 
4. Hemophilic serum from platelet- 

rich plasma 
5. Hemophilic serum from platelet- 

poor plasma 


* From a severe hemophiliac. 


plasma of a severe hemophilic subject likewise has 
a prothrombin time of eight seconds even when the 
platelets are not diminished (Table II, Exps. 4 and 
5). Furthermore, both normal and hemophilic 
blood when stored 24 to 48 hours have a prothrom- 
bin time of approximately eight seconds. Thus, a 
marked and relatively fixed increase in prothrom- 
bic activity occurs in sera from platelet-free normal 
plasma, from hemophilic blood or plasmas and in 
stored normal and hemophilic blood. In none of 
these sera or plasmas is more than a very small 
quantity of prothrombin consumed; therefore, 
nearly all of the prothrombin remains. This, how- 
ever, does not account for the striking increase in 
prothrombic activity. The most direct and sim- 
plest explanation is that an actual increase in pro- 
thrombin occurs. For this to happen one may 
postulate that plasma contains an inactive or 
precursor form of prothrombin. Bordet (10) 
developed the hypothesis that all prothrombin 
(serozyme) in circulating blood is in an inactive 
form. Quick and Stefanini (9) concluded that 
in human plasma part of the prothrombin is active, 
but a much greater proportion is in the precursor 
state. This inactive prothrombin, like active pro- 
thrombin, is completely adsorbed and eiuted. The 
eluate in contact with glass likewise increases 
markedly in prothrombic activity, presumably be- 
cause the precursor is gradually changed to ac- 
tive prothrombin. Recently it was found that the 
quantity of thromboplastin required for maximum 
prothrombic activity varies with the prothrombin 
concentration (11). When the prothrombin is 
reduced by means of Dicumarol or vitamin K de- 
ficiency, the thromboplastin requirement decreases. 
Considerably more thromboplastin is needed to ob- 
tain the minimum prothrombin time of stored 
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plasma than of fresh plasma, which suggests that 
an increase of prothrombin itself occurs. 

If the increase in prothrombic activity is not 
due to an increase of active prothrombin, then 
it becomes necessary to postulate that an accelera- 
tor is generated to account for the decrease of the 
prothrombin time from the normal of 12 seconds to 
eight seconds. Alexander and his associates (12) 
have attempted to establish that such a specific 
agent exists. They have named it spca (serum 
prothrombin converting accelerator) because they 
maintain that the prothrombic activity of serum 
is due largely to the evolution of this factor dur- 
ing clotting. If their contentions are correct, then 
the marked increase of prothrombic activity found 
in the serum from hemophilic or from thrombo- 
cytopenic blood should be due to spcea, but ac- 
cording to their findings this factor is low in these 
sera (13, 14). From this it would follow that the 
marked hyperprothrombic activity in these sera 
is not due to the evolution of an accelerator but 
to an actual increase in prothrombin. 

According to Alexander, spca, like prothrombin, 
is adsorbed by BaSQ, and eluted with sodium ci- 
trate. In isolating spca, they allow blood to clot 


and treat the serum with BaSO, (20 mgm. per 1 cc. 
serum). ’ From their statement (15) : “most of the 
prothrombic activity was in the supernatant” after 
adsorption with BaSQ,, one must infer that these 
investigators assume that differential adsorption 
occurs in which spca is separated from prothrom- 


bin. On repeating their procedure, it has been 
found that as much as two-thirds of the prothrom- 
bic activity of serum is removed by 20 mgm. of 
BaSOQO, per 1 cc. (16). There is therefore a strong 
probability that the separation of spca and pro- 
thrombin is more apparent than real and that the 
product considered to be the accelerator contains 
an undetermined amount of prothrombin. Alex- 
ander and Landwehr’s (17) finding that the evolu- 
tion of spca during storage is small in various hy- 
poprothrombic states might well be explained by 
a low concentration of prothrombin in the acceler- 
ator preparation. To determine how much of the 
activity is due to prothrombin and how much to 
an accelerator becomes not only a formidable but 
a speculative problem. 

Thus, while the possibility of an accelerator 
factor should not be ignored, it seems simpler and 
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perhaps more firmly supported by experimental 
evidence that the hyperprothrombic activity in the 
conditions discussed is due to an actual increase 
in active prothrombin. The statement of Stefanini 
and Crosby (18) that the prothrombin time of se- 
rum is not influenced by the activation of the pre- 
cursor of prothrombin in less than two hours after 
the completion of clotting is not in accord with 
the findings of the writers. In the clotting of na- 
tive human plasma the prothrombin time of the 
serum attains a constant value in about 15 minutes 
after all the fibrinogen has been converted to fibrin. 
In oxalated plasma, the conversion of inactive 
prothrombin to the active state is;slow. At 4° C. 
the reaction usually requires more than 24 hours 
to go to completion, even in contact with a glass 
surface, and in a silicone-coated container it even 
takes considerably longer. This permits the re- 
moval of both prothrombin and prothrombinogen 
from oxalated plasma by adsorption with trical- 
cium phosphate, and the subsequent recovery of 
both forms by elution with sodium citrate. 

The finding that neither storage nor the clotting 
of platelet-poor dog plasma causes an increase of 
prothrombic activity such as is observed in human 
plasma, makes it unlikely that dog blood contains 


a prothrombin converting factor of the type of 


spca. One is at a loss, therefore, to find a better 
explanation for the high prothrombic activity of 
dog blood than that it contains a much higher con- 
centration of active prothrombin than does human 


blood, but has little or no inactive prothrombin. 


SUMMARY 


The comparative prothrombic activity of dog 
and human blood were studied by means of the 
one-stage prothrombin test, the prothrombin con- 
sumption test and the adsorption and elution tech- 
nique for determining prothrombin. 

It was found that the prothrombic activity of 
dog blood is much greater than that of human 
blood. When oxalated dog plasma is stored, the 
prothrombin time is increased due to loss of labile 
factor. When the latter is restored, the prothrom- 
bin time returns to the value obtained for fresh 
plasma. The serum from platelet-poor normal 
plasma has a prothrombin time only slightly less 
than that of plasma. 
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Human plasma on storage likewise shows a pro- 
gressive decrease of prothrombic activity but when 
the labile factor is restored, the prothrombin time 
becomes shorter than that of the fresh plasma. A 
similar increase in prothrombic activity is found 
when normal platelet-poor plasma, or hemophilic 
plasma clots. 

Possible explanations for these findings are 
discussed. It is concluded that dog blood con- 
tains a high concentrate of free or active prothrom- 
bin but little or no inactive prothrombin, whereas 
human plasma has a much smaller amount of 
free prothrombin, but a high concentration of in- 
active prothrombin (prothrombinogen), which in 
contact with a glass surface becomes converted to 
the active state. 
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The acute and chronic administration of adrenal- 
ine to experimental animals and its acute adminis- 
tration to man have been shown to increase adreno- 
cortical activity. 

In 1908 Babes and Jonesco reported that re- 
peated injections of adrenaline caused adrenocorti- 
cal hypertrophy in rabbits (1). Vogt found by 
direct assay of adrenal venous blood of dogs and 
cats that there was an increased output of adreno- 
cortical following the injection of 
adrenaline (2). She subsequently reported that 
multiple injections of adrenaline produced adrenal 
hypertrophy in intact but not in hypophysectomized 
rats (3). 

Long and Fry described a decrease in adreno- 
cortical cholesterol and ascorbic acid following 
the injection of adrenaline in intact but not in hy- 
pophysectomized rats (4). This and subsequent 
work by Gershberg and associates (5) indicate 
that adrenaline causes an increased output of 
adrenocorticotrophin. 


hormone 


Using a decrease in the level of circulating eo- 
sinophils as a very sensitive measure of increased 
adrenocortical activity, Recant and colleagues 
showed that a single dose of adrenaline increases 
adrenocortical activity in the dog, rat, and man 
(6). Although they found eosinopenia in men 
receiving multiple injections of adrenaline over 
periods as long as 48 hours, there was no evidence 
of increased adrenocortical activity as measured 
by the urinary excretion of steroids and uric acid. 
However, Bliss, Rubin, and Gilbert (7) reported 
increases in urinary uric acid and 17-ketosteroids 
in normal men and women given 8 mg. of adrenal- 
ine in oil in a period of 12 hours. 

Guest and coworkers showed that sustained 
eosinopenia does not occur uniformly in patients 
given repeated injections of adrenaline (8). 


Adrenaline prepared from biological material 
contains about 85 per cent epinephrine and 15 per 
cent nor-epinephrine (9) unless a special process 
The 
adrenaline used in the present study was manu- 
factured from biological material and did con- 
tain nor-epinephrine. 
duces little or no eosinopenia (10, 11), the in- 
creased adrenocortical function which follows the 
adminis‘ration of adrenaline must be due primarily 
to its epinephrine content. However, some of the 
results reported in the present paper may well 
have been due to nor-epinephrine. The designa- 
tion adrenaline is used in this communication to 
indicate a mixture of epinephrine and _nor- 
epinephrine. 

The observations reported were undertaken to 
determine what 
adrenocortical activity occur during the chronic 
administration of adrenaline to man. To this end 
the level of circulating eosinophils, the urinary ex- 
cretion of uric acid, the urinary excretion of ster- 
oids, and the metabolism of nitrogen, sodium, 
chloride, potassium, phosphorus, and calcium have 
been studied in men receiving repeated injections 


is included to remove nor-epinephrine. 


Since nor-epinephrine pro- 


manifestations of increased 


of adrenaline over a period of days. 

Among the effects observed have been increased 
urinary excretion of sodium, chloride, calcium, and 
uric acid, and decreased urinary excretion of po- 
tassium. The changes in the urinary excretion 
of sodium, potassium, and chloride are opposite to 
those seen with increased adrenocortical activity. 
These changes in urinary excretion are of interest 
in connection with previous demonstrations in ex- 
perimental animals that although adrenaline in 
large dosage causes oliguria, adrenaline in smaller 


amounts produces diuresis of water and chloride 


(12-16). 
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Increased excretion of sodium and chloride and 
diminished excretion of potassium were observed 
by Bliss, Rubin and Gilbert in a patient with rheu- 
matoid arthritis given 8 mg. of adrenaline in oil 
per day for three days (7). 


EXPERIMENTAL METHODS 


Chemical methods. The subjects lived on a metabolic 
ward during the study. Food was prepared in a kitchen 
used only for this purpose. Aliquots of diet and feces 
were obtained by the “wet method” described by Reifen- 
stein, Albright and Wells (17). Dietary, urinary, and 
fecal nitrogen were done by a macro-Kjeldahl method 
(18) and plasma protein and non-protein nitrogen by a 
micro-Kjeldahl method (18). Phosphorus was deter- 
mined by the method of Fiske and Subbarow (19), cal- 
cium according to Fiske and Logan (20), creatinine as 
described by Peters (21), glucose by the method of Nel- 
son (22), and chloride as described by Van Slyke (23). 
Uric acid was done by Archibald’s modification of the 
method of Kern and Stransky as described by Forsham 
and associates (24). Sodium and potassium were de- 
termined on a Beckman flame photometer. Sodium de- 
terminations were done first and the potassium standards 
and samples for analysis of potassium brought to the 
highest concentration of sodium present in the samples. 
The hematocrit, CO, content, and pH of blood were de- 
termined by the technique of Shock and Hastings (25). 
From these data the bicarbonate content of plasma was 
calculated. Eosinophil counts were done by Forsham’s 
modification of the method of Dungar (24). In the cases 
of R. K. and B. R., urinary steroids were determined in 
Dr. Dobriner’s laboratory. 

Formaldehydogenic and 17-ketosteroids were deter- 
mined after an extraction procedure described by Lieber- 
man and Dobriner (26). The values reported are the 
sum of the values in the three fractions described in this 
procedure. Formaldehydogenic steroids were determined 
on these fractions by a procedure essentially that of 
Corcoran and Page (27). 

On the other subjects 17-ketosteroids were done by 
the method of Callow as modified by Talbot and col- 
leagues (28, 29) and formaldehydogenic steroids by the 
method of Corcoran and Page?! (27). 

Subjects. R. K. was a 3l-year-old Negro. Although 
a childhood disease, presumably poliomyelitis, had re- 
sulted in atrophy of some muscle groups in the lower 
extremities, he did not require artificial support in walk- 
ing. General health had been excellent and no abnor- 
malities were found on physical examination. Hemato- 
logical data and the results of urine and stool examina- 
tion were normal. Ciy was 85 cc., Cran, 397 cc. and Tm, 


1 We are indebted to Dr. F. E. Houghton, Ciba Phar- 
maceutical Products, Inc., for the supply of desoxycorti- 
costerone used in this method. 
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260 mg. per minute per 1.73 sq. m.2 The cause of these 
low values was not apparent. There was no history of 
renal disease and urinalysis and intravenous and retro- 
grade pyelograms were normal. Following 0.4 mg. of 
adrenaline subcutaneously there was a 64 per cent fall 
in the concentration of circulating eosinophils. Fifteen 
days before the start of the present study he completed 
a period of 12 days of administration of 100 mg. of 
ACTH per day. His response to that agent was normal. 

B. R. was a 32-year-old white man admitted because 
of balanitis due to a beta hemolytic streptococcus. This 
infection cleared promptly during treatment with sulfa- 
diazine. Genera! health had been good, no abnormalities 
were found on physical examination, and hematological 
data and the results of urine and stool analyses were 
normal. Cr~ was 129 cc., Cran, 896 cc., and Tme, 386 
mg. per minute per 1.73 sq. m. Following 0.4 mg. of 
adrenaline subcutaneously there was a 54 per cent fall 
in the concentration of circulating eosinophils. Fifteen 
days before the start of the present study he completed 
a period of 12 days of administration of 100 mg. of ACTH 
per day. His response to that agent was normal. 

T. B. was a 67-year-old white man whose general 
health had been excellent. No abnormalities were found 
on physical examination, urinalysis, and hematological 
and stool examination. Ciy was 79 cc., Tmpan 78 mg., and 
Tme 243 mg. per minute per 1.73 sq. m. These are nor- 
mal values for his age group. Following 0.3 mg. of 
adrenaline subcutaneously there was a 47 per cent fall in 
circulating eosinophils, a normal response for his age 
group. 

G. K., a 42-year-old Negro, whose general health had 
been good, had a herniorrhaphy a month prior to this 
study. The only physical abnormality found on examina- 
tion was a moderately intense short rough apical systolic 
murmur. Hematological data and the results of stool 
examination and urinalysis were normal except for the 
presence of five to 10 leukocytes per high power field in 
the urinary sediment. Teleoroentgenogram of the chest 
and electrocardiogram were normal. Cin was 111 cc. and 
Tme, 341 mg. per minute per 1.73 sq. m. There was a 
71 per cent fall in eosinophil concentration after 0.3 mg. 
of adrenaline subcutaneously. 

Experimental procedure. After a period of equilibra- 
tion, R. K. and B. R. were studied during a three-day 
control period, a three-day period of administration of 
0.4 mg. of adrenaline in saline subcutaneously every four 
hours, a three-day period of administration of 1 mg. of 
adrenaline in peanut oil intramuscularly every four hours, 
and a six-day recovery period. After a period of ad- 
justment to the diet, G. K. was studied during a six-day 
control period, a three-day period of administration of 

2 Glomerular filtration rate (Cin), effective renal plasma 
flow (Cran), maximal tubular excretory rate of sodium 
p-aminohippurate (Tmpan), and maximal rate of tubular 
glucose reabsorption (Tme) were determined by methods 
described elsewhere (30). 
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peanut oil* alone intramuscularly every four hours, a 
second three-day control period, a three-day period of 
administration of 1 mg. of adrenaline in peanut oil in- 
tramuscularly every four hours, and a three-day re- 
covery period. 

The periods for T. B. were the same except that the 
period of administration of adrenaline in oil lasted six 
days during the last three of which 1.5 mg. of adrenaline 
was given every four hours, and that the recovery period 
lasted four days. 

The blood pressure, recorded as the mean of seven 
consecutive readings, and the pulse rate were determined 
every morning at 7:45 a.m. before the subjects arose. 
Fasting blood samples were drawn just before the urine 
collections for the day were completed at 8:00 a.m. In- 
jections of adrenaline were started at 9:00 am. Thus, 
the fasting blood samples were drawn three hours after 
the 5:00 a.m. injection of adrenaline. In two subjects 


blood for eosinophil counts was also drawn at 1:00 p.m., 
four hours after the preceding injection of adrenaline. 

The daily urinary excretions of sodium, potassium, chlo- 
ride, nitrogen, calcium, phosphorus, uric acid, creatinine, 
glucose, 17-ketosteroids, and formaldehydogenic steroids 


3 Both the adrenaline in peanut oil and the oil alone to 
serve as a control were supplied through the courtesy of 
Dr. E. A. Sharpe of Parke, Davis, and Company. The 
adrenaline was manufactured before this company intro- 
duced a process to remove nor-epinephrine. 
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were determined for all subjects and in the cases of 
R. K. and B. R., fecal sodium, potassium, chloride, ni- 
trogen, calcium, and phosphorus were also estimated. 
Serum sodium, potassium, chloride, calcium, phosphorus, 
pH, bicarbonate content, non-protein nitrogen, protein, 
uric acid, and glucose, and blood eosinophil counts were 
determined at appropriate intervals. 

The daily dietary intakes for G. K. and T. B. were 
water 2800 cc., sodium 91 meq., potassium 89 meq., chlo- 
ride 84 meq., calcium 269 mg., phosphorus 1228 mg., and 
nitrogen 16.1 gm.; for R. K., water 2800 cc., sodium 96 
meq., chloride 90 meq., potassium 71 meq., calcium 260 
mg., phosphorus 1163 mg., and nitrogen 16.0 gm.; and 
for B. R., water 2800 cc., sodium 96 meq., chloride 91 
meq., potassium 78 meq., calcium 273 mg., phosphorus 
1182 mg., and nitrogen 16.1 gm. 


RESULTS 


The data on functions affected by the adminis- 
tration of adrenaline are recorded in Tables I 
through IV. In no instance were any alterations 
in function observed during the administration of 
peanut oil alone. 

On the first day of administration of adrenaline 
there was in every case a decrease in the concen- 
tration of eosinophils in the peripheral blood four 


TABLE I 
Daily metabolic data* on subject R. K.t 











Sodium 


Chloride 


Potassium Calcium} Uric acid Urinary steroids 


Blood 





eosino- 
Formalde- i 
hydogenic phils 


steroids 


17-keto- 
steroids 





ce. 

1990 
1470 
1700 


Control 


cells/ 
cu. mm. 


67 





1960 
1380 
1260 


Adrenaline in saline 
2.4 mg./day 


103 
55 
o4 





1380 
1580 
1250 


Adrenaline in oil 
6 mg./day 


55 
58 
33 


+++ | +++ 





1150 

960 
1200 
1420 
1160 
1620 


Recovery 


68.6 




















+15 


55 


74 
72 


esesssese;esessisesese|;ecsesc3 
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66 


























* The balances shown in this and subsequent tables are adjusted for the apparent positive balances of the control 


ote which were of the magnitude usually observed and probably due largely to cutaneous losses. 
a 


These adjusted 


lances are the deviations of the daily balances from the average daily balances of the control period. 
ft Daily intake was: water, 2800 cc., Na, 96 meq., Cl, 90 meq., K, 71 meq., and Ca, 260 mg. 
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TABLE II 


Daily metabolic data on subject B. R.* 








Sodium 


Chloride 


Potassium Calcium} Uric acid Urinary steroids 





Urine 


Formalde- 
hydogenic 
steroids 


17-keto- 
steroids 


Blood 
eosino- 
phils 





Control 


ce. 
1680 
2140 
1670 


meq. 


- 7 
0 
+7 


pat pee ime OO 


cells/ 
cu. mm. 


111 





Adrenaline in saline 
2.4 mg./day 


1490 
1810 
1640 


+19 
— |} 
—12 


+18 
+12 


eso|ooos 


—_ i 


134 
70 
77 





Adrenaline in oil 
6 mg./day 


2230 
1890 
2320 


—A4 
—17 
—12 


+7 
+9 
—14 


— pt ee 


106 
70 
64 





Recovery 





1250 
1330 
1110 
1480 
1410 
1800 














+35 
+56 
+45 
+44 
+27 
+18 








—24 

0 
—19 
+11 
+ 4 
+4 
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70 
72 
61 


66 








* Daily intake was: water, 2800 cc., Na, 96 meq., Cl, 91 meq., K, 78 meq., and Ca, 273 mg. 


TABLE Ill 


Daily metabolic data on subject G. K.* 








Sodium 


Chloride 


Potassium Calcium} Uric acid Urinary steroids 





Formalde- 
hydogenic 
steroids 


17-keto- 
steroids 


Blood 
eosino- 
phils 





Control 
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Adrenaline in oil 
6 mg./day 
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132 | —50 
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* Daily intake was: water, 2800 cc., Na, 91 meq., Cl, 84 meq., K, 89 meq., and Ca, 269 mg. 
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TABLE IV 
Daily metabolic data on subject T. B.* 








Sodium Chloride 


Potassium Calcium} Uric acid Urinary steroids 





Urine 
. ) 
Period vol. 


z 


ce. 
1770 
1710 
1960 
1790 
2210 
1810 
2020 
1930 
1530 


+3 


Control 


+i iti++ 





2220 
1620 
1550 


Control 





Adrenaline in oil 


2040 | 88 
6 mg./day 


1770 | 98 
1560 | 87 

1220 | 82 
4 | 1490 | 85 
3 | 1680 | 


Adrenaline in oil 
9 mg./day 





Recovery 
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* Daily intake was: water, 2800 cc., Na, 91 meq., Cl, 84 


hours after the first injection of adrenaline. In 
subjects R. K. and B. R., the level of circulating 
eosinophils at 8:00 a.m., three hours after the pre- 
ceding injection of adrenaline, was moderately de- 
creased throughout the entire period of adminis- 
tration of adrenaline. After the withdrawal of 
adrenaline, the eosinophil concentration rose to- 
ward the control values in R. K., but not in B. R. 
In the other two subjects, although there was a 
fall in the concentration of eosinophils following 
the first injection of adrenaline, the values during 
the latter part of the period were actually higher 
than the control values. The 1:00 p.m. levels of 
circulating eosinophils determined only in R. K. 
and B. R. approximated the 8 :00 a.m. values. 
During the administration of adrenaline there 
was no change in 17-ketosteroid excretion. During 
and following adrenaline, R. K. and B. R. showed 
slightly increased formaldehydogenic steroid ex- 


cretion. Even if these changes are regarded as 


meq., K, 89 meq., and Ca, 269 mg. 


significant they indicate no more than a mild de- 
gree of adrenocortical stimulation. The other 
two subjects showed no change in formaldehydo- 
genic steroid excretion. 

The urinary uric acid was slightly increased 
during the entire period of administration of 
adrenaline and returned to the control values af- 
ter withdrawal of adrenaline. There was no con- 
sistent change in plasma uric acid. 

The average increase in plasma glucose during 
the administration of adrenaline was 15 mg. per 
100 cc. During this period the average increase 
in urinary glucose excretion was 1.2 gm. per day. 

There were no consistent changes in the fecal 
excretions of the elements studied in tiie two 
cases in which stool analyses were done. Adjusted 
balances for sodium, potassium, and chloride are 
recorded in Tables I through IV. Unadjusted 
balances during the control period were positive. 
These positive balances were of the magnitude 
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usually observed in control periods and probably 
due to cutaneous losses. The average daily posi- 
tive balance of the control period was assumed to 
represent cutaneous loss and was subtracted from 
the observed balance for each day. In the two cases 
in which fecal determinations were not made, fecal 
excretions were also assumed to be constant. The 
adjustment in these two cases includes fecal excre- 
tion as well as cutaneous loss. Balances derived 
in this way are referred to as adjusted balances. 

No consistent change in the urinary excretion 
of sodium and chloride occurred during the ad- 
ministration of adrenaline in saline. During the 
administration of adrenaline in oil, there was an in- 
crease in the urinary excretion and concentration 
of these ions. The subjects were thus in negative 
sodium and chloride balance during the adminis- 
tration of adrenaline in oil. Subsequently the uri- 
nary excretions and concentrations of sodium and 
chloride fell, and the subjects retained sodium and 
chloride. There were no consistent changes in 
the serum concentrations of sodium and chloride. 

The changes in the urinary excretion of potas- 
sium were in the opposite direction to those of 
sodium and chloride. There was a decrease in the 


urinary excretion and concentration of potassium 
during the administration of adrenaline whether in 
saline or oil. During the recovery period the uri- 


nary excretion and concentration rose. Thus, 
there were positive balances of potassium during 
the administration of adrenaline followed by com- 
pensatory negative balances in the recovery pe- 
riod. There were no consistent changes in the 
serum potassium levels. 

The urinary calcium excretion and concentra- 
tion were increased during the entire period of 
administration of adrenaline and fell to values be- 
low the control levels after withdrawal of adrena- 
line.“ 

There were no consistent changes in the urinary 
excretion of nitrogen and phosphorus. 

The changes in urinary volume were small. In 
the case of B. R. and G. K., there was an increase 
in urinary volume during the administration of 
adrenaline and a diminution in urinary volume in 
the recovery period. R. K. and T. B. showed no 
definite change in urinary volume. Because of 
variations in extrarenal losses of water, changes of 
this magnitude are of little value in estimating wa- 
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ter balance. However, during adrenaline adminis- 
tration all the subjects lost weight which they re- 
gained in the recovery period. The losses and sub- 
sequent gains were for R. K., 1.0 and 1.4 kg., for 
B. R., 0.9 and 1.6 kg., for T. B., 0.5 and 0.5 kg., and 
for G. K., 1.1 and 0.8 kg. These changes in weight 
may have been due to changes in body water. If 
so, then all subjects may be said to have had a 
larger urinary volume than they would have had 
with the same extrarenal loss of water if adrenaline 
had not been given. 

The plasma protein concentration increased 
slightly in every case during the administration of 
adrenaline in oil. The average increase was 0.4 
gm. per 100 cc. There were no consistent changes 
in creatinine excretion, urinary pH, the hemato- 
crit, nor in the serum non-protein nitrogen, phos- 
phorus, bicarbonate, or pH. 

The average increase in the 8:00 a.m. pulse rate 
during the administration of adrenaline in oil was 
three beats per minute, and in the pulse rate an 
hour after the 9:00 a.m. injection, three beats per 
minute over the control value an hour after the ad- 
ministration of oil alone. The average changes in 
the 8:00 a.m. systolic and diastolic blood pressures 
were +2 and — 2 mm. of mercury respectively, 
and in the systolic and diastolic pressures an hour 
after the 9:00 a.m. injection of adrenaline in oil, 
+12 and 0 mm. of mercury over the control val- 
ues an hour after the administration of oil alone. 


DISCUSSION 


The only evidence suggestive of increased 
adrenocortical activity during the administration 
of adrenaline was the decrease in the level of cir- 
culating eosinophils in B. R. and R. K., and the 
small changes in the formaldehydogenic steroid 
excretion in these two subjects. The other sub- 
jects showed no changes suggestive of altered 
adrenocortical activity. It is apparent that adren- 
aline in the time-dosage schedule used in this study 
is no more than a very weak chronic stimulus to 
adrenocortical activity. 

The changes in the excretion of electrolytes dur- 
ing the administration of adrenaline indicate that 
renal function was modified by some mechanism 
other than adrenocortical stimulation. 
of this, the increased urinary excretion of uric acid 
cannot be considered a valid measure of adrenocor- 
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tical activity since this may have been due to renal 
effects not caused by an adrenocortical hormone. 

During the administration of adrenaline in oil 
there was increased renal excretion of sodium, 
chloride, and calcium, retention of potassium, and 
loss of weight. The failure of adrenaline in saline 
to produce all these changes is presumably due to 
the smaller dose of epinephrine employed or to its 
more transitory action. The changes in weight 
suggest that there was greater renal excretion of 
water than would have occurred with the same 
extrarenal loss of water if adrenaline had not been 
given. 

Diuresis of water and chloride has been ob- 
served in acute experiments in animals given rela- 
tively small amounts of adrenaline (12-16). Al- 
though the effect of adrenaline on the renal excre- 
tion of sodium, calcium, and potassium was not 
studied in the animal experiments, it appears prob- 
able that the same processes were affected in those 
experiments as in the one reported here. There 
is no direct evidence as to the mechanism of the 
alterations in renal excretion of electrolytes and 
water, though naturally it has been suggested that 
they are due to a direct effect of adrenaline on the 
kidney, altering either glomerular filtration or tu- 
bular function (15). An alteration in tubular 
function is compatible with our data and suggested 
by the fact that the changes in renal excretion of 
electrolytes were not all in the same direction, po- 
tassium excretion being diminished while sodium, 
chloride, and calcium excretion were increased. 
It is also compatible with the observation of 
Chasis and associates (31) that the subcutaneous 
injection of 1 mg. of adrenaline does not alter 
glomerular filtration rate in man. The conditions 
of their experiments did not permit the study of the 
effect of adrenaline on urinary volume. 

The concept that the effect of adrenaline on re- 
nal excretion is a direct effect of adrenaline on the 
kidney rather than the result of changes produced 
elsewhere in the body is supported by the observa- 
tion of Richards and Plant (32) that perfusion of 
the kidney in situ produces diuresis and the ob- 
servation of Winton (33) that adrenaline produces 
diuresis in the heart-lung-kidney preparation. 

Although the diuresis observed in animal ex- 
perimentation has been generally attributed to the 
epinephrine content of adrenaline, Horres, Ever- 
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sole and Rock have recently presented evidence 
that it is caused by nor-epinephrine and not by 
epinephrine (16). 


SUMMARY AND CONCLUSIONS 


Certain metabolic effects of the chronic adminis- 
tration of adrenal medullary hormones to men 
are reported. 

Adrenal medullary hormones in the time-dose 
schedule employed are no more than a very weak 
chronic stimulus to adrenocortical activity. 

Under the conditions of this study, the chronic 
administration of adrenal medullary hormones 
caused increased urinary excretion of sodium, 
chloride, calcium, and uric acid, and diminished 
urinary excretion of potassium. 
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In previous papers (1, 2) it was demonstrated 
that the normal pregnant woman subjected to 
autonomic blockade with high spinal anesthesia 
develops a marked fall in blood pressure leading 
to a shock-like state. 

Since the blood flow to the kidneys constitutes 
approximately one quarter of the total cardiac 
output under resting conditions, it seemed that a 
study of the renal hemodynamics under high spinal 
anesthesia might afford the opportunity of exam- 
ining the response of an important part of the 
vascular bed to this procedure. 

Concurrently with the study of renal hemody- 
namics it was considered of some interest to ex- 
tend the observations to the excretion of sodium, 
chloride and potassium. The relationship between 


renal hemodynamics and electrolyte excretion is 
at present controversial, and it was thought likely 
that additional information regarding this relation- 
ship might be derived from the present study. 

In order to examine the response of the kidneys 
to this type of autonomic blockade, it was neces- 
sary to use a technique which would be applicable 


to a period of study of short duration. Thus the 
immediate response to spinal anesthesia could be 
followed and observations continued until the blood 
pressure had almost returned to levels preceding 
the injection of the spinal anesthetic. Previous 
studies (3-5) employing osmotic diuresis with 
hypertonic mannitol solution in hydropenia, had 
shown that this technique was applicable to a short 

1 This investigation was supported (in part) by re- 
search grants from the National Heart Institute of the 
National Institutes of Health, Public Health Service, and 
from Parke, Davis and Company, Detroit, Mich. 

2 Aided by grant from Eli Lilly and Company. 

3 Fellow in Research, Department of Obstetrics, Cin- 
cinnati General Hospital. Present address: National 
Mishima Hospital, Mishima, Shizuoka-ken, Tokyo, Japan. 


period of study and that results could be obtained 
which varied little from individual to individual. 
Under these conditions sufficiently large urine 
flows could be obtained in ten minutes to reduce 
the errors in urine collection and the effects of 
time lag due to dead space. It should be pointed 
out, however, that even with this technique such 
errors cannot be entirely avoided and the results 
may not accurately reflect short time changes in 
kidney function. Our own experience (6) with 
pregnant women before and during high spinal 
blockade had indicated that the use of water di- 
uresis was not advisable since under these condi- 
tions the urine flow is variable and often reaches 
low volumes insufficient to perform accurate clear- 
ances. This was in accord with previous observa- 
tions in animal and man that water diuresis is 
inhibited by emotional stress or by afferent stimuli 
evoked merely by the insertion of a needle into 
the spinal canal (7-11). 

Osmotic diuresis with hypertonic mannitol in 
hydropenia also had several other advantages to 
offer. The water-conserving capacity of the kid- 
ney of the hydropenic individual could be studied 
both prior to induction of diuresis and following 
loading, using the standards of comparison which 
are defined by the flow-load relationship (3, 5). 
The excretion of sodium and chloride had been 
shown to vary little throughout this procedure, the 
concentrations of these two ions in the urine re- 
maining remarkably constant. It would thus be 
possible to obtain a baseline of renal function which 
would be consistent from one patient to another. 
Variations from this pattern brought about by 
spinal anesthesia would then be readily detectable. 


MATERIAL AND METHOD 


The material consisted of five normotensive subjects 
whose ages varied from 20 to 30 years and who were in 
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the last trimester of pregnancy. All had been followed 
in the prenatal clinic and none had any history of toxemia 
or renal or hypertensive disease. The patients were ad- 
mitted to the hospital and kept at bed rest for a few days 
before the experiment. At 4 p.m. on the day prior to the 
test, the patients received a dry meal consisting of peanut 
butter, crackers and raisins. The patients were instructed 
not to ingest water or food until the next day after the 
test had ended. At 8 a.m. of the day of the procedure, 
a spinal anesthesia catheter was introduced into the sub- 
arachnoid space, following the technique described else- 
where (1). Thereafter, a multi-eyed Foley catheter was 
introduced and left in the bladder which was then com- 
pletely emptied and the urine discarded. A period of 30 
minutes was allowed for the patients to relax and for a 
preliminary urine collection. At the mid-point of this 


period, a sample of venous blood was taken. 


At zero time, which marked the end of the preliminary 





Concurrent 
time 
min. 


Period 


Mean 
BP 


mm. Hg 


All flows are calculated alk ‘1.73 M? per minute 


UF 


cc. 


PAH 
clearance 
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period, 25% mannitol solution * in amounts calculated to 
achieve a plasma level of 20 mOsm/L was injected. After 
the priming injection, which was given over a period of 
10 to 12 minutes, the plasma level was maintained by con- 
tinuous infusion at a rate approximately equal to its dis- 
appearance rate by means of a constant infusion machine. 
Para-aminohippurate (PAH) was included in both prim- 
ing and maintenance solutions in quantities which would 
enable simultaneous measurement of renal plasma flow. 
The volume of distribution of mannitol was taken as 20% 
of the total body weight and its race of disappearance 
calculated as 1.5% per minute. The corresponding figures 
for PAH were 40% and 2.5% per minute. 

An equilibration period of 30 minutes was allowed. At 
the end of this and of each subsequent period complete 
urine collections were obtained by aspiration with a 

* Acknowledgment is made to Sharp and Dohme for 
their generous supply of mannitol. 


TABLE I 
P, UF, RPF, GFR, FF, osmotic activity and concentrations of Na, Cl and K during osmotic diuresis with mannitol * 


clearance 


ce. cc. 


| 
Mannitol 


Effective 

“ | osmotic Load 

mEq/L activity pOsm 
mOsm/L 





Patient: 


W. R. 


Weight: 62.4 Kg. 





Prelim. | —30 to 0 


| 108/70 


| 0.32 | 


| 
| 


l 


| 
| | 
| 
| 


| 





0 to 10 iv. injection of 227 ce. 25% mannitol; 


3.75 cc. 20% PAH | 


10 to 101 iv. injection of Prccdes mannitol at 3.41 cc./min.; 20% PAH at 0.09 cc./min. 





26 to 39 
39 to 50 
50 to 62 


| 115/60 
| 115/60 
| 120/65 
| 


7.88 
6.79 | 
7.04 | 


685 
639 
596 


132 
112 
12 


35.6 


| 4956 
| 38.0 | 553 | 
| 


3754 
4005 


49 


40.0 569 





Injection of spinal anesthetic—8 cc. 0.2% procaine 








68 to 78 
78 to 90 





90 to 101 | 


| 

| 88/51 
| 100/58 
103/62 


79 | 





4.79 
4.64 
5.87 


89 
84 
105 


476 
502 
575 





617 
632 
601 


24.0 
18.4 
26.4 


19 ] | 
17 | 
18 











Patient: F. S. 


Weight: 


57.7 Kg. 





Prelim. | —30 to0 
| 


| 105/63 | 0.50 | 
| 


: 1.60 M 
# 219 ane so | 8 








0 to 10 iv. injection of 231 cc. 25% mannitol; 


3.5 cc. 20% P. AH 


10 to 100 iv. injection of 25% mannitol at 3.15 cc./min.; 20% PAH at 0.09 cc./min. 





26 to 38 
38 to 48 
48 to 60 


116/66 
116/66 
116/60 


6.67 | 
6.89 | 
6.66 | 


867 | 
804 
767 


133 
130 
105 


58.0 | 22 | 
ae ae 
552 | 





Injection of te anesthetic—10 cc. 0.2% procaine 





66 to 78 
78 to 88 
88 to 100 





103/52 
105/57 
115/73 








| 
} 
| 
| 
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| 72 


75 
120 


517 
565 
868 


40.0 
33.6 
43.6 
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TABLE 1—Continued 
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Patient: M.G. Weight: 62.7 Kg. 





| | 


| | 
Prelim. | —30 to0 105/68 | 0.73 | 


: 1.66 M2 Age: 





l l l 
| =| 112 | 109.6 | 


| | | | 


41 552 





0 to 10 iv. injection of 227 cc. 
10 to 84 iv. injection of 25% mannitol z 


25 
at 


3.7 cc. 20% PAH 
20% PAH at 0.09 cc./min. 


Yo Me annitol; 


07 
3.34 cc./min. 





106/60 | 9.36 | 


98/50 | 13.31 
104/56 | 11.90 


20 to 31 | 
31 to 41 
41to52 | 

| 


20 | 
17 
18 


i 
3 | 








Injection of spinal anesthetic—8 


cc. 1% procaine 





| 52to62 
62 to 74 
74 to 84 


4.44 
320 | 
421 





20 
13 
7 

















Patient: J. S. Weight: 66.6 Kg. 


S.A.: 1.66 M? 





Prelim. 


112/66 | 0.31 


| —30 to0 | 
| | 


222.0 | 


1 


| 265 


| 





0 to 10 iv, injection of 242 cc. 25% 
10 to 102 iv. injection of 25% mannitol at 3. 63 cc./min.; 20% 


mannitol; 4.0 cc. 20% PAH 
; PAH at 0.1 cc./min. 





7,96 
6.93 
os ie 


952 
668 
705 


132 
100 
118 


122/70 | 
127/74 | 
127/74 


38 to 50 
50 to 62 


| 27 to 38 
| 


14 
15 
17 


50 10 
57 8 
56 8 





jection of spinal anesthetic—6 cc. 1% procaine 





| 70 to 81 
| 81 to 92 
92 to 102 


419 
523 
412 


52 
69 
52 





| 








37 
18 
16 























Patient: M. B. Weight: 77 Kg. 


S.A. 1.76 M? 





Prelim. | ~30 to 0 | 106/64 | 131 | 


86 | 82.0 | 





0 to 15 iv. injection of 280 cc. 25% mannitol; 4.2 cc. 20% 


PAH 


15 to 92 iv. injection of 25% mannitol at 4.2 cc./min.; 20% PAH at 0.12 cc./min. 





26 to 37 | 
37 to 48 
| 
| 


120/66 
| 48 to 60 


114/56 | 1 
116/62 | 1 


| 56 
| 84 


1 
55 
6 94 


| 47 
54 
52 


10 
9 
| 8 





Injection of spinal anesthetic—8 cc. 0.2% procaine 





l 
| 60 to 70 
| 70 to 81 101/58 
|} 81to92 106/61 


49/25 59 
44 


0 
o3 
es) 46 








| 50 45.6 
| 30.8 


32.8 


7 
10 
11 


356 
430 
444 


39 
38 


1346 
2025 




















*BP = blood pressure; mean is the arithmetic mean of several readings as mentioned in Method. 


UF = urine flow; 


RPF = renal plasma flow; GFR = glomerular filtration rate; FF = filtration fraction. 


syringe connected to the catheter and by injecting air 
into the bladder. Each patient had six collection periods 
of 10 to 12 minutes’ duration. At the midpoint of each 
period a blood sample was taken from the antecubital vein 


and transferred to a heparinized vial. Three periods 
served as pre-spinal controls and three followed induction 
of the spinal blockade. In three patients, J. S., W. R. and 
F. S., a period of six to eight minutes was allowed imme- 





SPINAL ANESTHESIA AND RENAL HEMODYNAMICS IN PREGNANCY 


diately after the administration of spinal anesthesia, and 
the urine collected during this period was discarded. In 
the other two cases collections were started immediately 
after the injection of procaine. Blood pressure readings 
(sphygmomanometer) and pulse rate were taken every 
four to five minutes during the control periods and every 
half to one minute during the spinal anesthesia. 

Three patients received high selective spinal anesthesia 
to levels of C* with 0.2% procaine solution according to 
the method described elsewhere (1). In the remaining 
two cases the anesthesia was achieved with 1% procaine 
solution and a complete motor paralysis to levels of T? 
was obtained. 

Urine and plasma specimens were analyzed for their 
content of mannitol, PAH, Na, Cl and K, using methods 
previously described (3). Effective osmotic activity of 
each specimen of urine was determined by measurement 
of depression of the freezing point. 


RESULTS 


In Table I are presented the essential data on 
five subjects. In it are listed concurrent time, 
mean readings of systolic and diastolic blood pres- 
sure over the period, urine flow, mannitol and 
PAH clearances and filtration fraction. The data 
pertaining to electrolytes refer to the concentra- 
tions of Na, Cl and K in the urine. The effective 
osmotic activity of the urine and excreted load 
per minute are also given. The amount of load- 
ing solute (mannitol), its time of injection, and 
the rate of administration of the sustaining infu- 
sion are presented. The amounts of PAH in- 
cluded for measurement of renal plasma flow are 
also indicated. 

Blood pressure and pulse rate. The response of 
the blood pressure and pulse rate to the spinal 
blockade followed the same pattern described in 
other papers (1,2). It will be seen that the blood 
pressure dropped markedly during the first few 
periods following spinal anesthesia and began to 
return to control levels at the onset of the last 
period. The pulse rate showed similar variation. 
The side effects of the procedure were the same as 
listed in other papers (1, 2) except for thirst due 
to the hydropenic state. 

Osmolarity and urine flow. The preliminary 
urine flows for W. R., F. S., and J. S. were 0.5 
cc./min. or less with an effective osmotic activity 
of more than 800 mOsm/L, indicating that the 
period of dehydration of 16 hours prior to the 
beginning of the loading procedure had been ad- 
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URINE FLOW ce./min./1.73M* 








es Se 
LOAD mOsm./min./1.73M2 


Fic. 1. Urtne Fiow vs. Excretep Loap 
hered to. From Figure 1 it will be seen that these 
cases fit well on the flow-load curve as described 
previously (3) for normal hydropenic individuals 
and that this relationship between flow and load 
was not altered by induction of spinal anesthesia. 
Two patients were not hydropenic at the onset 
of the observations. M.G., with a preliminary 
urine flow of 0.73 cc./min. and an initial osmo- 
larity of 552 mOsm/L, became hydropenic only 
during the procedure. The points fell to the left 
of the curve during the initial post-loading periods, 
but as dehydration progressed during the induc- 
tion of forced diuresis the points approached the 
normal curve. It seems likely that she ingested 
water during the period preceding the loading 
procedure. Case M. B. with an initial urine vol- 
ume of 1.31 cc./min. and a total osmotic activity 
of 279 mOsm/L was certainly not hydropenic at 
the onset of the procedure nor did she begin to 
excrete urine with an osmolarity greater than that 
of plasma until period 2. The restriction of water 
was thus probably not rigidly enforced in M. G. 
and M. B. and this rendered difficult a considera- 
tion of their concentrating abilities. In all cases 
there was a marked drop in urine flow after induc- 
tion of spinal anesthesia and a subsequent gradual 
rise to approximately control levels. 
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Renal plasma flow (RPF)° The effect of 
spinal blockade on renal plasma flow is consistent 
for all five subjects. In the cases of W. R., F. S. 
and J. S., following the autonomic blockade no 
observations were made on clearance of PAH until 
six to eight minutes after injection of procaine in- 
trathecally. In cases M. G. and M. B. these meas- 
urements were made immediately following injec- 
tion of the anesthetic agent. It will be seen that 
renal plasma flow sustained a marked drop follow- 
ing the introduction of procaine and that this effect 
gradually wore off, so that 30-40 minutes after 
injection of the anesthetic agent the PAH clear- 
ances were beginning to approach the control 
levels. 

Glomerular filtration rate (GFR) and filtration 
fraction (FF). 
closely paralleled that of the PAH clearances. 


The effect of mannitol clearance 


Thus there was no marked change in filtration 
fraction during the procedure. There was a drop 
in GFR immediately following the autonomic 
blockade and a gradual return to control levels 
within 30-40 minutes. : 

Renal arterial resistance.6 In addition to the 
observations already made it will be noted from 
Figures 2 and 3 that the renal arterial resistance 
both for J. S. and the mean values for the whole 
series was increased following spinal blockade. 


Electrolytes. The and Cl 
paralleled each other. In the post-loading periods 


excretions of Na 


the urinary concentration of Na varied from 47 
to 63 mEq/L and dropped in all cases following 


autonomic blockade. Unlike the hemodynamic 


changes, variations in Na concentration tended to 
become manifest only after a delay of several min- 
utes after spinal blockade. The Cl concentrations 
in the urine likewise fell constantly after spinal 

5 Because of the small quantities of procaine used in 
normal pregnant patients, it was considered unlikely that 
falsely high plasma levels of PAH due to entrance of 
procaine in the blood would result and thus interfere with 
the clearance determinations. 

6 The mean renal arterial resistance was calculated ac- 
cording to the formula of Lauson, Bradley and Cournand 
(12). The formula of Scheinberg and Stead (13) was 
used for calculation of mean arterial blood pressure. The 
figure given is actually based on renal plasma flow instead 
of renal blood flow since hematocrit determinations were 
not made. 
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anesthesia and the pattern of fall closely resembled 
that of the Na values. These values remained low 
despite the gradual rise of GFR. The concentra- 
tions of K rose after induction of spinal anesthesia 
in three subjects, but was not significantly altered 
in two. The minute loss of K was variable in the 
different subjects, being decreased by the spinal 
anesthesia in some and increased in others. 

Figure 2 presents the time relationship and the 
mean values of blood pressure, urine flow, elec- 
trolyte concentrations and clearances of mannitol 
and PAH in the post-loading periods before and 
after the spinal blockade. The renal arterial re- 
sistance is also indicated after the spinal blockade. 
Figure 3 presents the findings in subject J. S. 
who was selected as typical of the series. 
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DISCUSSION 


High spinal blockade in the normal pregnant 
woman affords a unique opportunity of studying 
the response of renal function to a marked drop 
in blood pressure since this marked drop is not 
obtained in the normal non-pregnant individual. 
‘ Smith and his associates (14) studied the effect 
of spinal blockade in the normal non-pregnant 
subject and found no consistent pattern in the 
changes in renal hemodynamics. Hoobler and 
coworkers (15) made similar observations using 
tetraethylammonium chloride (TEAC). In both 
instances the changes in blood pressure were tran- 
sient or inconstant. Mokotoff and Ross (16) 
found no alteration in the renal circulation of 
patients with congestive heart failure subjected to 
high spinal anesthesia and in whom the blood 
pressure was maintained at high levels by the use 
of ephedrine. 
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Renal function has been studied in patients with 
essential hypertension following lumbodorsal sym- 
pathectomy, spinal anesthesia and renal denerva- 
tion (17-23). The results have varied according 
to the nature of the procedure and experimental 
conditions. 

In patients with toxemia of pregnancy studied 
under high spinai anesthesia Turner and Houck 
(24) found a drop in glomerular filtration rate and 
renal plasma flow in each instance where there 
was a significant drop in blood pressure. In most 
cases the renal resistance was increased. They 
suggested that constriction of the renal arterioles 
was produced by some humoral agent following 
spinal anesthesia. Observations on hemorrhagic 
shock in man and animal (12, 25-27), as well as 
in the post-syncopal state (28), have shown a 
reduction in renal blood flow and glomerular fil- 
tration rate and an increase in renal arterial re- 
sistance in most cases where there was a significant 
drop in the systemic blood pressure accompanied 
by a drop in the cardiac output. 

The analysis of the data presented in this paper 
leaves little doubt that the reduction in renal 
plasma flow and glomerular filtration rate pro- 
duced by high spinal anesthesia in the pregnant 
woman is caused primarily by the marked drop 
in blood pressure. Nevertheless, calculation of the 
renal arterial resistance in the five cases studied 
showed that the spinal blockade did not produce 
vasodilatation in the renal blood vessels. Instead 
there was a tendency toward vasoconstriction as 
is indicated by a rise in the renal arterial re- 
sistance. Since the spinal blockade is effective in 
blocking autonomic vasoconstrictor fibres (1, 29, 
30) it must be inferred that this increase in renal 
vasoconstriction is caused by a compensatory mech- 
anism which is probably humoral in nature. This 
hypothesis has been suggested previously (1), fol- 
lowing the observation that the blood pressure 
frequently returns to normal levels despite the 
maintenance of a high spinal anesthesia. Obser- 
vations on the action of epinephrine under similar 
conditions of osmotic diuresis (31, 32) have shown 
that infusion of this agent produces effects similar 
to those observed here; #.e., a reduction in urine 
flow, GFR, RPF, and in Cl and Na concentra- 
tions. It seems possible, therefore, that epineph- 
rine or an epinephrine-like substance may be lib- 
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erated into the blood stream in response to the 
shock-like state observed during spinal anesthesia. 
Theobald, and Theobald and Verney (10, 11) in 
their experiments on the inhibition of water di- 
uresis by emotional stress concluded that pitressin 
was responsible for the effects which they ob- 
served. In our cases this does not seem likely. 
The procedures reported here were carried out 
under conditions of osmotic diuresis in dehydra- 
tion during which the water-conserving powers of 
the kidney were being subjected to severe strain 
and it must be assumed that maximal pitressin-like 
activity is present prior to induction of the spinal 
anesthetic. The possibility that these effects are 
due to liberation of larger quantities of pitressin 
which then induce active renal vasoconstriction is 
rendered even less likely since, rather than chloru- 
resis which is an effect of pitressin injection, there 
was a reduction in chloride excretion. 

It has been suggested (1, 2) that the fall in 
blood pressure which follows autonomic blockade 
with high spinal anesthesia is due either to a pool- 
ing of blood in the lower extremities with a con- 
comitant decrease in cardiac output or to a gen- 
eralized blockade of compensatory vasoconstrictor 
mechanisms. The data presented in this paper 
show that active vasoconstriction was proceeding 
in the kidney during maintenance of the anesthesia 
and, therefore, would tend to negate the hypothesis 
that there was paralysis of homeostatic vasocon- 
strictor mechanisms. The gradual return of blood 
pressure to normal values despite maintenance of 
anesthesia is further evidence of increase in the 
peripheral resistance despite continuation of the 
autonomic blockade. We are inclined to the be- 
lief, therefore, that the drop in blood pressure is 
due to diminution of venous return owing to pool- 
ing of blood in the lower extremities with subse- 
quent reduction in cardiac output and blood pres- 
sure. 

Concerning the effects of the autonomic block- 
ade per se on renal function little can be said from 
the present set of experiments. In animals, after 
unilateral splanchnic nerve section (31, 32), os- 
motic diuresis with mannitol in dehydration is 
followed by increased sympathetic discharge to the 
opposite kidney which we believe is part of the 
general vasoconstrictor response to maintain blood 
pressure. This results in a reduction of Na and 
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Cl concentrations on the non-denervated side 
which also exhibits a reduction in urine flow, 
GFR and RPF as compared with the denervated 
side. If epinephrine is then infused into the ex- 
perimental animal both sides are equalized at or 
near the level of the non-denervated kidney and 
both kidneys excrete Na and Cl in reduced con- 
centrations; urine flow, GFR and RPF are re- 
duced on both sides, the filtration fraction remain- 
ing constant. Thus epinephrine discharge masks 
the effects of section of the sympathetic nervous 
system. The alterations in kidney function de- 
scribed in this paper closely resemble those ob- 
served in these experimental animals and are 
probably not due to blockade of the renal nerves 
but to discharge of epinephrine or a related sub- 
stance. 

The discrepancies in the time relationship be- 
tween GFR and electrolyte excretion are worthy 
of note. In those cases in which they were meas- 
ured immediately after induction of the spinal 
anesthetic the GFR and RPF dropped in the first 
urine collection period after injection of the anes- 
thetic agent. On the other hand, the concentra- 
tions of Na and Cl did not drop until several 
minutes had elapsed after the injection of the 
spinal anesthetic. The rise in concentration of K, 
likewise, did not occur until an interval of time 
elapsed following injection of the spinal anesthetic. 
Furthermore, despite the return of GFR to control 
levels by the end of the procedure the concentra- 
tions of Na and Cl tended to remain at the reduced 
level. Thus an overall lack of correlation between 
GFR and electrolyte excretion is evident. 


SUMMARY AND CONCLUSIONS 


1. Renal hemodynamics and the excretion of 
electrolytes were studied during osmotic diuresis 


in five hydropenic normotensive pregnant sub- 
jects before and during high spinal anesthesia. 
2. A marked reduction in urine flow, renal 


plasma flow and glomerular filtration rate was 
observed during the blood pressure fall following 
the spinal blockade. The filtration fraction did 
not change. 

3. The excretion of Na and Cl was reduced 
following the blockade. This reduction did not 
bear any time relationship to the reduction in 
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glomerular filtration rate. The effect on K excre- 
tion was variable. 

4. The changes in the renal circulation following 
the spinal blockade were probably produced by 
two factors : 

a) decrease in the renal blood flow due to the 
blood pressure fall. 

b) active compensatory renal vasoconstriction 
mediated by a humoral agent which tended to 
counteract the blood pressure fall. 

5. It is suggested that epinephrine or an epi- 
nephrine-like substance might be the agent re- 
sponsible for the renal vasoconstriction. 

6. The present study supports the hypothesis 
that the blood pressure fall during spinal anesthesia 
in the pregnant woman is caused by excessive 
pooling of blood in the lower extremities and 
decrease in the cardiac output. 
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The contribution of sympathetic constrictor im- 
pulses to arteriolar tone is now recognized as play- 
ing an important though sometimes variable role 
in the maintenance of increased peripheral re- 
sistance in some patients with hypertension. How- 
ever, lack of a clear understanding of the exact 
nature of autonomic influences and of their im- 
portance in relation to other pressor factors has 
complicated the development and evaluation of 
therapeutic measures for hypertension which have 
as their aim the modification of the “neurogenic 
component.” *® Results obtained after surgical 
sympathectomy have seemed encouraging in cer- 
tain patients, discouraging in others. It has be- 
come apparent that operative results are incon- 


sistent and that the most striking inconsistency is 


the effect on the blood pressure. Difficult, too, is 
the choice of patients who may be expected to 
benefit from this type of treatment ; no satisfactory 
method of selection has yet been suggested. 

This study was undertaken in an effort to eval- 
uate the nature of autonomic influences on blood 
pressure level as indicated by observations and 
comparisons of the responses to autonomic block- 
ade with tetraethylammonium chloride * (TEAC) 
and spinal anesthesia to high thoracic levels. 


MATERIAL AND METHODS 


Twenty-four patients were included in the study. 
Eleven patients had malignant and 13 had benign hyper- 


1 The work described in this paper was aided in part 
by a grant from the Psychosomatic Research Fund of the 
National Committee for Mental Hygiene, Inc. and from 
the Life Insurance Medical Research Fund. 

2 Research Fellow, American Heart Association. 

8 As used here neurogenic has reference exclusively to 
mechanisms involving the functional integrity of the sym- 
pathetic nervous system. It is no longer tenable to con- 
sider psychogenic and neurogenic as synonymous terms 
since the utilization of humoral (non-neurogenic) path- 
ways for emotional responses is now well-established. 

¢Etamon chloride supplied by Parke, Davis and Com- 
pany, through the courtesy of Dr. E. C. Vonder Heide. 


tension. To determine the blood pressure effect of phar- 
macologic blockade of autonomic impulse transmission, 
TEAC in 3-5 cc. doses (300-500 mg.) was administered 
intravenously to all patients on from two to 12 occasions. 
All studies were conducted with the patients supine, and 
the injections were made rapidly, requiring no more than 
five seconds for administration. Observations of pupillary 
dilatation and abolition of sweating were accepted as 
clinical confirmation that autonomic blockade had been 
induced. In addition, in those patients who showed slight 
or moderate blood pressure depression following the drug, 
abolition of cold pressor reactivity was demonstrated to 
confirm autonomic block. Blood pressures were obtained 
by auscultation. The control blood pressure represents 
the mean of five or more measurements taken at cne- 
minute intervals before TEAC administration and follow- 
ing stabilization of the pressure in the recumbent position. 
The lowest point to which the blood pressure descended 
in the first five minutes following injection has been 
termed the TEAC floor, and for the purposes of this 
study this has been accepted as indicating that portion of 
arteriolar tone which persists following the removal of 
active autonomic influence. Although multiple tests with 
TEAC were done on all patients, Table I includes only 
the results of the first test. The first experience with 
TEAC was selected since comparison was to be made with 
a single first experience with spinal anesthesia. 

On a subsequent day the effect on the blood pressure 
of spinal anesthesia to high thoracic levels was deter- 
mined in each of these patients. With the subject on a 
tilt table, anesthesia was induced by the intrathecal injec- 
tion of 100-125 mg. of procaine hydrochloride dissolved 
in 2-2% cc. of his own spinal fluid. Control blood pres- 
sures were obtained prior to anesthesia by the method 
described above. Immediately following the intrathecal 
injection, the patient was tilted 7-10 degrees head down, 
until the level of skin anesthesia to pin prick had risen to 
high thoracic levels. The patient was then returned to 
the horizontal position for the remainder of the study. 
In the majority of patients it was possible to confirm the 
anesthesia level to pin prick by the observation of well 
demarcated levels of sudomotor paralysis. Blood pressure 
readings were taken at minute intervals throughout the 
period of high anesthesia and were followed less fre- 
quently only after the level had receded below the thoracic 
segments. The mean of five consecutive blood pressure 
determinations during the period of the highest anesthesia 
level was taken as the spinal blood pressure floor. To- 
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TABLE I 











First TEAC 


Spinal anesthesia 


Spinal and TEAC 





Patient Diagnosis 


TEAC 


Control Control 
B.P. B.P. floor B.P. 


Spinal 
B.P. fi 


Control 
.P. floor B.P. 


Spinal-TEAC 
B.P. floor 





252/174 
207/126 
230/150 
225/140 
218/148 
228/140 
181/142 
209/138 
224/154 
225/128 
217/151 
195/145 
218/145 
230/130 
199/144 
182/116 
220/135 
240/134 
225/132 
188/98 

170/95 

196/154 
150/103 
199/120 


180/120 
134/86 
170/130 
138/96 
120/90 
210/126 
160/130 
105/80 
140/100 
176/110 
170/110 
105/90 
185/130 
162/100 
142/104 
114/76 
160/105 
176/110 
174/110 
150/80 
140/75 
114/84 
135/95 
1134/86 


258/162 
240/146 
209/146 
236/153 
240/155 
262/160 
198/155 
260/160 
239/153 
253/137 
230/153 
240/158 
210/151 
222/139 
256/163 
200/118 
210/130 
219/138 
253/175 
184/101 
225/125 
215/154 
170/122 
204/123 
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167/106 
172/99 
132/96 
173/112 
184/125 
219/135 
160/130 
146/98 
190/128 
143/95 
140/91 
200/138 
188/130 
194/116 
198/132 
146/89 
164/108 
185/110 
171/113 
162/95 
150/94 
127/102 
141/107 
180/119 


182/108 
186/100 
160/110 
170/114 
205/135 
246/144 
160/130 
200/120 
190/128 
155/105 
140/91 

190/140 
205/135 
206/120 
204/140 
178/100 
155/100 
188/108 


156/100 
140/90 
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ward the end of the experiment, usually after the upper 
anesthesia level had receded to the lower thoracic seg- 
ments, and the blood pressure had begun to rise, the 
TEAC floor was again determined in 18 of the 24 cases. 


RESULTS 


The results are summarized in Table I. In all 
patients, the blood pressure was reduced signifi- 
cantly by both TEAC and spinal anesthesia 
whether administered separately or in combina- 
tion. There was a clear parallelism between the 
degree of blood pressure fall to the two proce- 
dures, and the blood pressure floors achieved by 
autonomic blockade with TEAC were slightly but 
significantly lower than the floors obtained with 
spinal anesthesia to levels ranging from T, to T;. 

Despite individual differences in magnitude of 
the depressor response at similar levels of spinal 
anesthesia, it was noted in all cases that the great- 
est reduction in blood pressure occurred when the 
anesthesia level was highest. As anesthesia re- 
ceded from the higher spinal segments the blood 
pressure ascended in parallel fashion. There was, 
however, much individual variation in the rate of 
blood pressure recovery to control levels and such 
levels were rarely achieved during the period of 
observation even though evidences of anesthesia 
had disappeared. 


It was repeatedly noted that control blood pres- 
sure levels were consistently higher than usual 
just prior to induction of spinal anesthesia. This 
seemed to correlate with other evidence of antici- 
patory anxiety which was observed to diminish 
as the experiment proceeded and may explain the 
failure of the blood pressure to return to pre- 
anesthetic levels in many cases. There was a 
similar but less marked tendency for the control 
blood pressure to be higher than usual before the 
first test with TEAC, and subsequent TEAC test- 
ing revealed a general trend to slightly lower con- 
trol blood pressures when the experience was 
repeated. 

In only four of the 24 patients studied was a 
lower blood pressure level obtained with high 
spinal anesthesia than with the TEAC test per- 
formed previously. Comparison of the differences 
between the spinal anesthesia floor and the first 
TEAC floor shows that the TEAC floor is sig- 
nificantly lower for this group of patients (systolic, 
p less than 0.02; diastolic, p less than 0.01).° 
~ 5 Because of space limitations only data relating to the 
first TEAC test are reported. However, analysis of the 
difference between the spinal floor and the closest tem- 
porally related TEAC floor, and the means of all TEAC 


floors showed likewise a high degree of statistical sig- 
nificance. 
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Spinal anesthesia lowered the blood pressure from 
a mean control level of 226/145 mm. Hg to 
168/111 mm. Hg. Mean control blood pressure 
before TEAC was 210/131 mm. Hg, and the 
mean TEAC floor was 150/101 mam. Hg. 

In 12 patients the upper level of anesthesia 
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achieved was between T, and T,. For this group 
the mean difference between spinal floor and first 
TEAC floor was 27.2/18.7 mm. Hg. In the re- 
maining 12 patients anesthesia height was from 
T, to T, and the mean floor difference 10.9/7.8 
mm. Hg. Thus, although specific patient to pa- 
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The columns as indicated in the legend represent blood pressure levels which may be read from the scale at the 
extreme left. The dotted line extending from the spinal segment scale indicates the upper level of spinal anesthesia 
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tient correlations of anesthesia level and blood 
pressure level are not feasible, there is a definite 
trend for the spinal anesthesia floor to approach 
the TEAC floor as the level of anesthesia is car- 
ried higher. These observations have served to 
focus attention on the upper thoracic segments as 
mediating a significant portion of the sympathetic 
constrictor tone in these patients. 
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In 18 patients the TEAC floor was again deter- 
mined during the period of spinal anesthesia, usu- 
ally after anesthesia had begun to recede from the 
higher thoracic segments. Individual results are 
shown in Figures 1 and 2. The mean TEAC 
floor under spinal (148/103 mm. Hg) was 25/10 
mm. Hg lower than the spinal floor (173/113 mm. 
Hg) and was almost identical with the first TEAC 
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Fic. 3. CoMPARISON OF MEANS 
Mean blood pressure responses of 18 patients who, fol- 
lowing an initial test with TEAC, received the same drug 
during receding high spinal anesthesia on a subsequent 
day. Note the similarity of the initial mean TEAC blood 
pressure floor to that obtained during anesthesia. 


floor (153/105 mm. Hg) for these same patients 


(Figure 3). Statistical evaluation of the differ- 
ences between the spinal floor and the TEAC floor 
under receding spinal anesthesia reveals a high 
degree of significance (systolic and diastolic, p less 
than 0.01) whereas comparison of the differences 
between the first TEAC floors and the TEAC 
floors under receding spinal anesthesia shows no 
statistical significance (systolic, p greater than 0.5; 
diastolic, p greater than 0.7). 


DISCUSSION 


The blockade of autonomic ganglia induced by 
TEAC and the pre-ganglionic block achieved by 
high spinal anesthesia exhibit certain hemodynamic 
similarities. It is generally accepted that the arte- 
riolar dilatation which is observed with both pro- 
cedures occurs as a result of the interruption of 
tonic vasomotor impulses and reflects a diminution 
in peripheral resistance. Cardiac output is not 
reduced by TEAC (1) and need not change after 
spinal anesthesia. Harrison (2) emphasizes that 
when cardiac output does fall during spinal anes- 
thesia, the fall occurs secondarily, i.e., follows 
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rather than precedes any reduction in blood pres- 
sure. Studies by Milwidsky and de Vries on in- 
tramuscular pressures (3) and by Sarnoff and 
Arrowood with differential spinal block (4) have 
offered added support to the concept that sympa- 
thetic constrictor paralysis is the principal mecha- 
nism involved in the reduction of blood pressure 
during spinal anesthesia. 

Questions as to the completeness of the gan- 
glionic block by TEAC have been raised. Evi- 
dence presented here and elsewhere (5) indicates 
that for the purpose of blood pressure evaluation 
in acute intravenous experiments, the block is suf- 
ficiently complete although of rapidly transient 
nature. 

Thus in this study of patients with hypertension 
an attempt has been made to compare blood pres- 
sure levels after relatively complete sympathetic 
block (TEAC) with those obtained during an 
anatomically less complete sympathetic paralysis 
(high spinal anesthesia). The results demonstrate 
clearly that in the majority of cases studied, the 
blood pressure falls to lower levels in response to 
TEAC block than during high spinal anesthesia 
regardless of whether the TEAC is given alone or 
during receding anesthesia. A further indication 
of more complete block by TEAC is seen in the 
tendency for the spinal blood pressure floor to 
approach the TEAC floor as the anesthesia level 
is carried higher. 

Maximum blood pressure reduction at the high- 
est anesthesia level and progressive blood pressure 
rise as the anesthesia level recedes are consistent 
with the observations of Russek, Southworth and 
Zohman during continuous caudal anesthesia (6). 
It thus appears that in these cases of hypertension 
there is a direct relationship between the level of 
the blood pressure and the extent of the arteriolar 
bed under active vasomotor control. All of these 
observations substantiate a 1932 report by Fergu- 
son and North (7) that the amount of blood 
pressure fall which occurs with spinal anesthesia 
bears a direct relationship to the number of white 
rami anesthetized. 

Since the degree of additional fall in blood pres- 
sure induced by TEAC varies widely in different 
patients with spinal anesthesia of comparable ex- 
tent in the current study, it appears that the re- 
maining portion of the arteriolar bed (unanes- 
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thetized portion) which is capable of exerting 
pressor activity varies from patient to patient. 
This observation may help to explain the lack of 
uniform blood pressure responses when sympa- 
thetic resections of standardized extent are per- 
formed on large groups of patients. It is of 
interest that in a parallel study of the cold pressor 
test (8), it was found that neurogenic control of 
cold pressor reactivity follows the same pattern as 
seen here for the neurogenic vasomotor mecha- 
nism. 

Taylor and associates (9) were unable to derive 
other than negative value from pre-sympathectomy 
spinal and caudal anesthesia studies in hyperten- 
sive patients. Soloff and coworkers (10), using 
tetraethylammonium bromide and spinal anesthesia 
likewise found that they could not consistently 
predict post-operative blood pressure levels. The 
TEAC floor has been interpreted here to reflect 
that component of arteriolar tone which is rela- 
tively devoid of sympathetic control. It has pre- 
viously been reported that in some patients this 
floor may vary considerably from day to day (11), 
and hence that such variation may- represent fluc- 
tuation of interacting neurogenic and humoral 
Some of the pa- 


(non-neurogenic) mechanisms. 
tients in this study who had repeated TEAC tests 
likewise showed this variability. Whether similar 
and parallel fluctuations in the response to spinal 
anesthesia occur in these same patients was not 


determined here. Current evidence for day to 
day variability of the neurogenic component in 
many hypertensive patients may help account for 
the apparent discrepancies in pre-operative predic- 
tions and post-operative observations. Repeated 
pre-operative study of the blood pressure effects of 
sympathetic block in a given patient may offer a 
clue to the degree of variability of the neurogenic 
component in the individual case. Inconsistent 
post-operative blood pressure results thereby be- 
come more meaningful when pre-operative varia- 
bility to autonomic block has been established. 
In our experience, repeated testing with TEAC 
may be required to assess the degree of consistency 
or variability of response. It should be remem- 
bered that the results of this study represent the 
immediate effects of acute disruption of the homeo- 
static mechanisms involved in blood pressure main- 
tenance. It need not necessarily follow that the 
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long term effects of more permanent blocking pro- 
cedures will parallel these acute phenomena. 
However, in patients who show a significant neu- 
rogenic component (as indicated by sizeable and 
reproducible blood pressure reduction in response 
to spinal anesthesia and/or TEAC) and for whom, 
on the basis of clinical appraisal, sympathectomy 
seems advisable, it would appear reasonable to test 
this hypothesis by varying the extent of operation 
according to the result of such testing for each 
individual case. 


CONCLUSIONS 


1. In these patients with hypertension a clear 
parallelism has been demonstrated between the 
degree of blood pressure fall to TEAC and to 
that induced by high spinal anesthesia. 

2. The fact that in these patients lower blood 
pressure levels were obtained with TEAC than 
with high spinal anesthesia, plus the ability of 
TEAC to reduce the blood pressure further when 
administered during high spinal anesthesia, pro- 
vide additional evidence that the pharmacologic 
autonomic blockade which this drug induces is 
relatively more complete than that which occurs 
with the block of extensive but anatomically in- 
complete spinal anesthesia. 

3. In these patients the level of the blood pres- 
sure tended to vary indirectly with the level of 
spinal anesthesia. 
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In experiments previously reported (1) it was 
found that platinum electrodes for polarographic 
measurement of oxygen availability have given 
fairly steady control readings in the left ventricular 
muscle of the dog. When the animals breathed 


pure oxygen, electrode readings rose 50-200%. 
When a coronary branch was occluded they de- 
clined considerably at the borders of the ischemic 
area, approached zero at its center, and returned 
to the base line shortly after release of the ligature. 
If the artery was occluded with the dog breathing 
room air, pure oxygen breathing did not change 


values at the center of the ischemic area. How- 
ever, it did cause a rise in the readings at the 
“borders” before the occlusion was_ released. 
These conclusions were based on studies of 12 an- 
esthetized dogs using two or three electrodes simul- 
taneously in each experiment. 

We have since developed a more stable dog 
preparation, using larger numbers of electrodes and 
obtaining more frequent readings which give a 
more complete description of the changes in local 
oxygen availability during short periods of coronary 
occlusion. Our particular concern has been to learn 
the size of the “border” areas that may be favorably 
affected by oxygen inhalation as well as the magni- 
tude and regularity of the oxygen effect. This pa- 
per will describe the method we now use, and 
present a statistical analysis of the results of the 
first seven experiments in which we have used it. 
These studies would seem to have a bearing on the 


1 This investigation was supported by research grants 
from the National Heart Institute, of the National In- 
stitutes of Health, Public Health Service (USPH-398 
and 392) and from the Life Insurance Fund for Medical 
Research. 


use of oxygen inhalation for the treatment of acute 
myocardial infarction in man. 


METHOD 


Apparatus. In our earliest experiments we used the 
polarographic apparatus described by Montgomery and 
Horwitz (2) for use in the skin. Since then certain 
modifications have been made. We now use continuous 
electrolysis with six to 10 electrodes in the circuit at all 
times, their individual current variations being recorded 
when desired on a D’Arsonval galvanometer with a sensi- 
tivity of 5X 10°’ amps./mm. The circuit modification 
is shown in Figure 1 and described in its legend. Open 
tip platinum electrode construction and the principles of 
polarography as applied to animal tissues have been de- 
scribed by Davies and Brink (3) and Montgomery and 
Horwitz (4). For the indifferent electrode we have 
found it necessary to immerse the dog’s entire hind foot 
in a glass dish of saturated NaCl solution from which 
contact is made to the salt bridge of a calomel half cell. 
For electrode connections to the switch box No. 30 plain 
enameled wire was further insulated by placing it inside 
vinyl tubing. 

Anesthesia and gas administration. Healthy dogs 
weighing 15-22 Kgms. were given morphine sulfate in- 
tramuscularly (3 mg./Kgm.) followed in 45 minutes by 
slow intravenous injection of 0.25 cc./Kgm. of a mixture 
containing equal parts of Nembutal (60 mg./cc.) and 
Dial-Urethane (Ciba). This combination had the advan- 
tage of producing a relatively slow heart rate and no more 
than a moderate blood pressure fall. Pure oxygen or 
mixtures of oxygen and nitrogen were administered 
through a tracheal tube made to fit the trachea snugly 
by a balloon and connected to a breathing bag through a 
soda-lime cannister. The exhaust valve of the bag was 
left partly open for gas mixtures which were delivered 
with flows of 6-8 liters/minute. 

Manual insufflation was carried on by intermittent pres- 
sure on the bag every 10-15 seconds from the time the 
thoracic cavity was opened till the end of the experiment. 

Surgery. A sternum splitting incision was made, us- 
ing aseptic technique only in the occasional animal for 
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Electrodes (cathodes ) 
Micro-switches 
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Ayrton shunt (Rubicon No. 1243), resistance 65,000 ohms 


Dry cell (1.5 volts) 


Variable resistance, 10,000 ohms 
Variable resistance, 500 ohms 
Galvanometer (Rubicon No. 3418) 
Connection to calomel half-cell (anode) 
Fixed resistance (2,000,000 ohms) 
Fixed resistance (40,000 ohms) 


Main switch 


Voltmeter (1000 ohms per volt) 
“Up” position (ordinary) of micro-switch 


“Down” position. 


The circuit described by Montgomery and Horwitz (4) has been modified by sub- 
stituting micro-switches for the selector switch so that any number of electrodes in 
parallel (up to 10) may remain in the electrolysis circuit, the individual currents for 
each being read on the galvanometer by depressing (d) the micro-switch for the par- 


ticular electrode. 


which survival was planned. The pericardium was opened 
and stitched to the incision edges to form a cradle for the 
heart. One or two branches of the anterior descending 
coronary artery were dissected free from their accom- 
panying veins and braided silk ligatures placed ready for 
traction. Warm saline was applied frequently to the 
heart. 

Electrode placement. The tips of six to 10 electrodes 
were inserted through the epicardium 2-3 mm. into the 
myocardium by simple pressure, each electrode resting 
lightly on the flange where its tip passed into the shaft, 
supported only by the wire which had been inserted into 
the mercury-filled glass shaft and covered by vinyl tub- 
ing. The wire arched from the electrode’s butt to a rub- 


See text for connections of cathodes and anode to the animal. 


ber-shod Allis forceps at the incision’s border (Figure 2), 
from which point of fixation it ran to the switch box. 
The simple arch of wire and vinyl tubing plus the weight 
of the electrode shaft proved superior to any more elabo- 
rate methods of support and enabled the electrodes to 
ride smoothly with the ventricular motion. Steady cur- 
rents of the order of 10 amps. were recorded shortly 
after electrolysis at 0.6 volt was begun. If any elec- 
trode gave very low or irregular readings, the angle of 
insertion or the site was changed slightly, otherwise the 
electrodes were not touched during an experiment. 

It proved best to start the animal breathing room air 
just after electrode insertion and to test the electrode 
sensitivity by a shift to pure oxygen, which caused all 
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Fic. 2. Seven ELectropes INSERTED IN THE ANTERIOR 
SURFACE OF VENTRICLE DuRING AN Ex- 
PERIMENT 


A Doc's Lert 


See text for a description of their connections and sup- 
port. The head of the animal is beyond the upper margin 
of the picture. The sternum has been split and the heart 
is supported in a cradle of pericardium, sewn to the in- 
cision’s edges 


values to rise barring mechanical or electrical faults. A 
drawing was then made of the topography of the ex- 
posed left ventricle including the major ramifications of 
all visible coronary branches and the sites of electrodes. 
Later, after observation of the effects of coronary oc- 
clusion, the distribution of cyanosis and systolic bulging 
were added to the drawing and the electrodes were clas- 
sified on the basis of their apparent relation to the oc- 
cluded coronary ramus and ischemic area as “center,” 
“border” and 


2 


“outside.” Figure 3 shows the drawings 


for all seven experiments. 


Procedure 
(1) Control readings: Electrodes were read in rota- 
tion, six to nine seconds being required for galvanometer 


stabilization. The time at which each series of readings 
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began was recorded. Before any occlusion or other pro- 
cedure a base line was obtained on all electrodes con- 
sisting of three readings which did not differ in the case 
of any electrode by more than 15%. 

(2) Occlusion without oxygen: With strong traction 
occluding the coronary ramus, electrode readings were 
obtained during a three minute period and the two to 
five minutes required for return to a steady state after 
release. 

With the 


animal inhaling room air the coronary branch was again 


(3) Occlusion, with oxygen before release: 


occluded and after at least two series of readings during 
The 
Two or 
three more series of readings were recorded and the oc- 


the occlusion, 100% oxygen was substituted for air. 
bag was flushed twice to facilitate the change. 


clusion was then released. The changes during the re- 


covery period were studied for several minutes. Room 
air was then substituted for oxygen and additional read- 
ings were recorded 

RESULTS 


The characteristic changes at 58 sites of insertion 
of the electrodes are summarized in Figure 4 and 
Table I. 


“border” and “outside” groups was done as de- 


The division of electrodes into “center,” 


scribed above without reference to the electrode 
data. It can be seen that fairly good correlation 
exists between the distribution of the electrodes 
with respect to the visibly ischemic area and their 
types of behavior. The “central” electrode values 
drop sharply after coronary occlusion, their val- 
ues remaining low until release regardless of oxy- 
gen breathing. Remote electrode readings show no 
statistically significant changes during or after oc- 
clusion except for their constant response to oxygen 
breathing. ‘Border’ electrodes give figures simi- 
lar to “central” electrodes except for a significant 
rise during oxygen breathing before termination of 
occlusion. During recovery from occlusion high 
values are recorded at all areas previously ischemic 
but there 
“outside” 


is no significant further rise at the 
electrodes. The post-occlusional in- 


creases in oxygen availability are greater at the 


“centers” of previously ischemic areas and after 
With a combination of 


oxygen administration. 


those circumstances the highest values were 
attained. 

Records typical of the figures obtained from a 
“center,” “border” and “outside” electrode during 
three occlusions without oxygen and two occlusions 
with oxygen before release are shown in Figure 5. 
The absolute values recorded by the galvanometer 


have been converted into percentages of a repre- 
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Fic. 3. 


THE PosiTIOn oF ELECTRODES IN RELATION TO THE CORONARY VESSELS, LOCATION OF 


LIGATURE AND VISIBLE EXTENT OF THE ISCHEMIC AREA IN SEVEN EXPERIMENTS 
In XXIX and XXXII no cyanosis or definite borders of the ischemic area could be seen 


although systolic bulging occurred in the distribution of the occluded coronary branches. 
sequently there is a shaded region in only five of the drawings. 


Con- 
The question marks in XXXIII, 


XXXV and XXXVI indicate areas of slight discoloration thought to be within the ischemic 


zone. 


on anatomic grounds for the purposes of the statistical analysis. 


“border” electrode positions. 


sentative initial base line reading for each electrode. 
The patterns of change in oxygen availability at 
each electrode with repeated occlusions of the 
same coronary ramus tended to be fairly constant. 
Longer occlusions caused larger changes to be 
recorded at “border” areas because of their slower 


rate of fall. “Center” electrodes tended to fall 
close to zero within three minutes of the beginning 
of occlusion. They were generally unaffected by 
oxygen breathing prior to the release of occlusion, 
whereas outside electrodes showed rapid rises and 
many “border” areas showed slighter but distinct 
rises. A minority of electrodes outside the 
ischemic area showed slight increases of oxygen 
availability during occlusion as shown by electrode 
No. 1 in Figure 5. Since muscle color and con- 
traction seemed normal in such areas, the changes 
were thought to reflect increased circulation. 
When no coronary occlusion was produced, 


The solid lines enclose the areas in which electrode positions were considered “central” 


The broken lines enclose the 


rises in electrode currents with pure oxygen 
breathing were almost universal though the amount 
of rise varied widely. Failure of such a rise to 
occur was almost always attributable to some de- 
fect in an electrode or its connections. Slighter 
rises occurred with 50% oxygen breathing and 
falls below the base line occurred with 10% oxygen 
breathing, characteristics which will be reported 
in a later paper. 

The effect on electrode values of parenteral 
epinephrine administration was comparable in di- 
rection and magnitude to that of pure oxygen in- 
halation. It appeared to be independent of the 
oxygen effect. These phenomena will be reported 
in detail later when the results of longer periods 
of observation can be evaluated. Ventricular fibril- 
lation, which occasionally occurred at the end of 
an experiment, caused all electrode readings to 
drop rapidly to zero and remain there. 
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TABLE I 








Occlusion, with oxygen before release 





(A) mS 
Lowest ighest (D) 
: reading (C) . 
as after 100% Recovery er “ed 
ood a. oxygen and state 
— before release 


Number of Base line 
electrodes value 





Center 
Mean 12 17 
Standard deviation 2.4 4.3 

order 
Mean 73 125 
Standard deviation 8.1 14.7 

Outside 
Mean 97 185 
Standard deviation - 8.8 26.9 























Occlusion without oxygen 





Center 
Mean R 100 14 149 106 
Standard deviation — 3.1 10.1 ef 

Border 
Mean 48 100 72 129 109 
Standard deviation = 6.2 5.8 a2 

Outside 
Mean 31 100 88 113 97 
Standard deviation ~ — 11.1 8.3 4.2 























Readings selected from central, border and outside electrodes, the last base line reading being taken as 100%: 
(A) The reading showing the largest change from the base line during occlusion, (B) the highest value during oxygen 
administration before release, (C) the highest value during the first three minutes of recovery from occlusion, and (D) 
the final reading after the animal had again been stabilized on room air. Standard deviations are given for the mean 
values in each instance. 


TABLE II 


Physiological classification of electrode areas 








| | 
Total Number of | Mean oxygen effects before release 
number of occlusions EA 
occlusions with oxygen | Number of 
with or with- before electrodes Rise over Rise Rise less 
out oxygen release 25%* 5-25%* than 5%* 








er 
Mean fall to below one-fourth of 
base line value 


Group II 

“‘ Border” 

Significant mean fall but less 
than Group I 





Group III 
“‘Outside” 
Mean fallf less than 15%* 56 























* Of the pre-occlusion base line value. 

+ Rises occurred at seven electrodes. 

t These falls followed large rises during occlusion. 

The left half of this table shows a classification of all electrode areas based on the mean fall during occlusion and 
before oxygen (if given). The three groups, which are “center,” “border” and “outside” areas physiologically, are not 
incompatible with the anatomic areas seen in Figure 3. 

he approximate magnitude (in terms of the pre-occlusion base line value taken as 100%) and the frequency of 


pre-release rises in response to inhalation of pure oxygen are given for the three physiological groups in the right-hand 
half of the table. 
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CENTERS BORDERS OUTSIDE 

Fic. 4. BAR GRAPH OF THE MEAN VALUES GIVEN IN TABLE I 
The two types of occlusion are distinguished by black and gray, while 
the cross-hatchings represent twice the standard deviation of values above 
and below the mean for each group of determinations, the number of these 
in each case being given below the graph. The initial base line readings 
are not given since they were taken as 100%. The paired or single bars 
for each group of electrodes correspond to columns two through five of 
Table I: that is, (A) maximum fall with occlusion, (B) change with 
oxygen before release, (C) recovery, (D) return to steady state. Note 
especially the means of border electrodes at (A) and (B) and the sig- 

nificant difference between them. 


DISCUSSION able to report the electrode measurements in terms 


° . ° ‘ f -voe Saseaslanhalaty 2” lea Ave aT)< > f 
Open tip platinum electrodes provide relative of oxygen “availability.” We have departed from 


measurements of oxygen tension in homogeneous 
solutions (3). In the heart muscle, because a con- Horwitz (4) in which brief closures of the cir- 
stant relationship between tension and diffusion cuit presumably cause only short gradients of 
of oxygen cannot be assumed, it is probably prefer- oxygen tension out from the electrodes with less 


the method used for skin by Montgomery and 
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GRAPH OF 60 VALUES READ ON THE GALVANOMETER FROM EACH OF THREE ELEC 


TRODES THROUGHOUT EXPERIMENT XXXII. 
Time is given in minutes from an arbitrary zero, just after which the base line value 
taken as 100% 


halation by cross-hatching, and oxygen during occlusion by 


was selected. Occlusion is denoted by gray coloration, pure oxygen in 
superimposition of these 
The first occlusion was at B (see Figure 3). Its effects were considered too localized 
and the more proximal site A was selected for the subsequent occlusions. A late but 


significant rise at electrode 4 (border) before release of the occlusion can be seen at 49 


minutes. A longer and greater rise occurs from 62 to 67 minutes at the same electrode 


No determinations were made between 71 and 75 minutes, so that the graph’s downward 
slope during the last three minutes of pure oxygen breathing is misleading. Readings were 
at approximately one minute intervals throughout the experiment but are not, of course, 


simultaneous since nine electrodes had to be read in rotation each time 


chance of variation in diffusion gradients. In any 


case the current record in a myocardial electrode 


is the resultant of multiple factors including con- 
vection currents, the proximity of high capacity 
sources of oxygen such as red cells and alteration: 
of the shape of the oxyhemoglobin dissociation 
Muscle contraction, 
with presumably intermittent oxygen utilization, 


curve by pH or temperature. 


must be a factor in the beating heart but the slow 
response of the d’Arsonval galvanometer does not 
permit study of such rapid fluctuations. Indeed, 
currents associated with cardiac excitation might 
prove difficult to distinguish from those due to 
oxygen reduction should a more rapidly respon- 
sive instrument be employed. 


The interplay of all these influences makes the 
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platinum electrode of uncertain value at present 
for quantitative study of changes in the heart as a 
whole or the comparison of readings widely spread 
in time. Nevertheless it is a great advantage to 
have multiple and rapid or, if desired, continuous 
estimations of available oxygen when studying 
localized myocardial ischemia. 

It is possible to make a “physiologic” division 
of the electrode areas according to their behavior 
during repeated occlusions rather than the “ana- 
tomic” division adopted for the initial correlation. 
Based on the mean of the greatest changes from the 
last control value during occlusions without oxygen 
and the pre-oxygen period of the other occlusions 
for each electrode, three myocardial zones can be 
differentiated. The characteristics of these physio- 
logic areas are summarized in Table II. Figure 6 
shows the electrodes assigned to “physiologic” 
groups, and the inferred extent of the “central” 
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and “border” zones. Comparison with Figure 3 
makes it clear that neither distribution is incom- 
patible with the epicardial coronary distribution 
and the observed extent of the grossly ischemic 
areas. 

Since the “border” areas cannot be sharply de- 
fined and their behavior cannot be predicted on 
purely anatomic grounds, the physiologic group- 
ing seems to have advantages for describing the 
character of localized ischemic areas in the myo- 
cardium. It can be stated on the basis of our 
data so far that during short occlusions electrodes 
which fall significantly (more than 15%) but not 
below one-fourth of the base line value have 
shown rises on pure oxygen breathing during oc- 
clusion in 68% of instances. The majority of 
these rises have been greater than 25% of the base- 
line figure for the particular electrode. At areas 


showing falls to less than one-fourth of the base- 


Fic. 6. THe ApproxIMATE ExTENT oF “PHysioLocic” CentTraL (DarK) AND Borpder 
(Hatcuep) Zones, BASED ON THE MEAN oF MAXIMAL CHANGES IN ELECTRODE READINGS AT 
Eacu Position Durtnc Coronary OccLUSION 

The electrode position, coronary pattern and visible extent of ischemia (light shading) are 
identical with Figure 3, to which this figure should be compared. See text and Table II for 
further explanation. It is noteworthy that in experiments XXXI, XXXV and XXXVI elec- 
trode behavior indicates occlusion or stenosis of the coronary ramus at a higher point than the 
anatomic position of the ligature. This would not be impossible, because strong traction was 
used to produce occlusion. We are inclined to think that the electrode behavior reflects the 
actual consequences of experimental occlusion better than the “anatomic” classification of elec- 
trode areas shown in Figure 3. 
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line values, rises during oxygen breathing occurred 
in 22% of instances during occlusion with only 
a single instance of a rise larger than 25%. Areas 
in which electrode values rose with coronary oc- 
clusion or fell insignificantly were characterized 
by rises during oxygen breathing in 88% of in- 
stances, most of them greater than 25%. 

It had not been established previous to our pre- 
liminary report that intramyocardial oxygen avail- 
ability increases with pure oxygen breathing in a 
manner similar to that observed in human skin 
(2). How great an advantage to the normal 
myocardium this is remains conjectural at present, 
but the presumption must be that some portions 
of the borders of myocardial infarcts will remain 
viable as a result of pure oxygen inhalation. 
How large these areas may be would seem to de- 
pend on the severity of the ischemia, the length 
of the ischemic period, and the duration of in- 
creases in oxygen availability. The occlusions we 
have studied so far have been too brief to decide 
this question. Studies of the effect of oxygen in- 
halation on ischemic areas in the distribution of 
a narrowed rather than an occluded coronary 
vessel permit longer periods of observation. We 
believe this situation resembles many which oc- 
curin man. These studies, which are nearing com- 
pletion and have been reported in an abstract (5) 
include correlation with epicardial electrocardio- 
grams. They have shown that in “physiologic” 
border areas the increases of oxygen availability 
are well maintained during periods of coronary 
narrowing and are accompanied at least occasion- 
ally by diminution in electrocardiographic abnor- 
mality. The occasional rises recorded at “central” 
areas are transient. Fifty per cent oxygen inhala- 
tion has proved greatly inferior to pure oxygen in 
achieving favorable results. Preparations based 
on coronary narrowing lend themselves much bet- 
ter to studies of the effect of drugs on the heart 
during localized ischemia. These studies are in 
progress. 


SUMMARY AND CONCLUSIONS 


A polarographic technique for multiple, rapid, 
and relatively simultaneous estimations of local 
oxygen availability in the dog’s left ventricular 
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muscle has been described, together with some re- 
sults of its application to the study of brief coronary 
occlusions. Electrode responses during coronary 
occlusion permit differentiation of three myo- 
cardial zones: (1) “Central” areas which show 
rapid decreases in available oxygen to less than a 
quarter of the base line values; (2) “Border” areas 
where falls are slower and less profound; (3) 
“Outside” areas showing no significant decrease 
in available oxygen. This physiological classifica- 
tion of myocardial areas has been consistent with 
the gross appearance of the heart when the borders 
of the ischemic areas are clearly discernible. 

When pure oxygen inhalation is begun during 
coronary occlusion “outside” areas show the large 
and prompt rises of electrode readings character- 
istic of “normal” muscle, rises in “central”? areas 
are rare and slight, while in “border” areas one- 
third of the initial fall is regained in two-thirds of 
instances. This statistically significant increase 
in available oxygen in border zones after pure oxy- 
gen breathing is begun, and before the occlusion 
terminates, supports the belief that inhalation of 
high concentrations of oxygen may reduce the 
extent of muscle necrosis resulting from coronary 
occlusion in man, 
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An increase in the number of circulating leuco- 
cytes in human subjects following the parenteral 
administration of epinephrine has long been known 
to occur (1-4). Frey (2,5) provided evidence to 
show that the leucocytes which appear in the cir- 
culating blood following administration of epineph- 
rine are delivered, in part, from the spleen. Frey 
and Hagemann (6) and more recently Doan and 
Wright (7) have claimed that a significant altera- 
tion in the number of circulating formed elements 
of the blood from that which normally follows 
the injection of epinephrine reflects the activity of 
an abnormal spleen. 

The test described by Doan and Wright (7) in- 
volves the subcutaneous injection of 0.5 to 1.0 
mg. of epinephrine hydrochloride. The number 
of circulating erythrocytes, leucocytes, and throm- 
bocytes, are determined at frequent intervals for 
a period of one hour, and the maximal change from 
pre-injection levels is noted. Despite the fact that 
well-delineated criteria for a positive test are lack- 
ing, Doan and Wright (7) and Kracke and Riser 
(8) use such response as evidence in favor of the 
diagnosis of the “hypersplenic syndrome.” 

More .ecently a different “epinephrine test,” to 
be used in the evaluation of the functional integrity 
of the pituitary-adrenocortical system, has been re- 
ported (9-11). As described by Recant and as- 
sociates (9) a small dose (0.3 mg.) of epinephrine 
hydrochloride is injected subcutaneously in the 
test subject. The eosinophils are enumerated by 
absolute count before the injection and four hours 
later. A decrease of 50% in the number of circu- 
lating eosinophils reflects an intact pituitary- 
adrenocortical system, and helps to rule out pitui- 
tary insufficiency syndromes. In the presence of 
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a normal pituitary gland, the functional capacity 
of the adrenal cortex may be evaluated. Among 
the clinical syndromes to which the test may be ap- 


| plicable are hypopituitary states (9), Addison’s 


disease (9, 10) and situations in which a low 
adrenal reserve may be a threat to the survival of 
the patient, as during surgery (11). 

In the literature, therefore, two distinctly dif- 
ferent “epinephrine tests” are described. The 
test, as utilized by Doan, is based on the immediate 
response (“primary phase”) of the circulating 
formed elements to epinephrine, while the late or 
“secondary phase” following the injection of epi- 
nephrine is commonly used to refer to the activity 
of the pituitary-adrenocortical system. Although 
the general nature of this biphasic cellular re- 
sponse to epinephrine has been recorded (2, 12- 
15), detailed observations on the quantitative al- 
terations of all components of the white cell series 
are not available. The purpose of this paper is to 
describe the alterations in the number of circulat- 
ing leucocytes during both phases of the response 
to epinephrine in normal human subjects, and to 
show the relation of the primary phase (the imme- 
diate alterations) to the secondary phase (the de- 
layed changes). A preliriinary report of this 
work has appeared (16). 


METHODS 


Thirty-four subjects were studied. The patients were 
reclining, inactive, and fasting throughout the six hour 
period of the test. The contents of individual ampules, 
containing 1 ml. of a 1: 1000 aqueous solution of epi- 
nephrine hydrochloride, were administered intramuscu- 
larly. 

Venous blood samples were taken immediately before, 
and at five, 12, 17, 21 and 30 minutes, and one, two, four 
and six hours after the injection. A fresh venipuncture 
was made for each sampling and the blood samples were 
collected in bottles containing potassium and ammonium 
oxalate as anticoagulant (17). Cover-slip smears were 
made from the freshly-drawn specimens and stained with 
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Fic. 1. THe AverRAGE CHANGE IN THE NUMBER OF 
CrrcuLaTinc Leucocytes 1n 20 Nokmat Human Svus- 
JECTS FOLLOWING THE INTRAMUSCULAR INJECTION OF 1.0 
ML, OF EPINEPHRINE HyprocHLorivE (1: 1,000) 

The curves are constructed from the average cell counts 
of all cases, the blood samples having been taken at the 
same intervals throughout, namely five, 12, 17, 21 and 30 
minutes ; two, four and six hours after injection. 


Wright's stain. The total number of leucocytes was de- 
termined in the usual manner from duplicate dilutions. 
The absolute number of neutrophils and lymphocytes was 
determined by a count of 200-400 cells from the stained 
smears. The absolute number of eosinophils was de- 
termined in Levy counting chambers by taking the aver- 
age count in four dilutions with phloxine propylene gly- 
col diluent (18). 

The individuals studied were divided into three groups. 
Group A consisted of 20 human subjects, including six 
active and healthy volunteers and 14 hospitalized pa- 
tients in whom no physical or significant mental illness 
could be demonstrated. Group B comprised 11 hospital- 
ized patients who had been admitted with various ill- 
nesses of a purely medical nature, and who, on recovery, 
were studied just prior to discharge from the hospital. 
Group C included three patients in whom a simple but 
significant inflammatory (neutrophilic) leucocytosis ex- 
isted at the time of the test. One patient was receiving 
penicillin therapy for primary lues, one had sustained 
minor surgery 24 hours before the test, and one patient 
had an active inflammatory process associated with pyo- 
derma. Control studies following the injection of 1 ml. 
of water were carried out in three subjects to determine 
whether the procedure of injection and ten to 12 venipunc- 
tures produces any significant cell changes. 


RESULTS 


A biphasic alteration in the number of circu- 
lating leucocytes followed the injection of epineph- 
rine in all 34 instances (Figure 1). Phase I con- 
sisted of a prompt mobilization of all white cell 
elements, which appeared within five minutes. 
The maximal effect occurred at 17 minutes, and 
thereafter subsided toward normal. The average 
maximal total white cell count was 11,625 per c. 
mm., an increase of 75 per cent above the average 
pre-injection count of 6,626 per c. mm. (Table I). 
The average maximal neutrophil count at the 
height of the epinephrine effect was 5,550 per c. 
mm., an increase of 45 per cent above the average 
baseline neutrophil count of 3,825 perc. mm. The 
average lymphocyte count at the maximal point 
was 5,175 per c. mm., an increase of 130 per cent 
above the control value of 2,250 perc. mm. The 
average number of circulating eosinophils, at the 
height of the effect of the stimulus, was 203 per c. 
mm., an increase of 45 per cent above the pre- 
injection average count of 138 perc. mm. It will 
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TABLE I 


The mean leucocyte count at rest in 20 normal human subjects and the change in cell count 
following the intramuscular injection of epinephrine (Group A) 





Mean count 


Phase per c.mm 


Standard 
error 


Mean change 


Range per cent 





Control 6,625 


+250 


4,300 
8,900 





Total 
leucocytes 


I—(17 min.) 11,625 


+700 


6,420 
17,000 





II—(4 hours) 9,700 


+475 


5,820 
14,825 





Control 3,825 


200 


1,975 
5,075 





I—(17 min.) 5,550 


Neutrophils 


{425 


2,250 
9,350 





II—(4 hours) 7,075 


+375 


4,365 
10,800 





Control 2,250 


+150 


1,400 
3,350 





I—(17 min.) 5,175 


Lymphocytes 


+375 


2,750 
8,000 





II—(2 hours) 1,925 


1,150 
3,650 





Control 138 


47 
285 





Eosinophils I—(17 min.) 203 


68 <0.001 
444 





II—(4 hours) 80 











30 ? <0.001 
153 
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be seen in Table I that all changes are highly sig- 
nificant, P values being less than 0.01 in all in- 
stances. 

There was a tendency for the number of circu- 
lating lymphocytes to equal the number of neutro- 
phils at the height of the effect in Phase I, despite 
the fact that normally the absolute number of 
lymphocytes is less than two-thirds of the resting 
neutrophil count (L-2,250, N-3,825). The de- 
gree of change in the lymphocytes was, therefore, 
greater than observed in the other white cell ele- 
ments. The lymphocytes in Phase I were usually 
mobilized at the same time as were neutrophils al- 
though, in several instances, the lymphocytosis 
preceded the neutrophilia. It is noteworthy that 
the eosinophils, although small in absolute num- 
bers, were increased significantly in the first phase 
following the injection of epinephrine. 


—The probability that the given per cent change is not different from a mean change of zero. The probability 
that the change is statistically significant is therefore high in every instance. 


The changes related to Phase II (Figure 1) be- 
came apparent within two hours after the adminis- 
tration of epinephrine. At this time the lympho- 
cytes were observed to be maximally altered from 
control levels by a decrease of 15 per cent (Table 
I). Changes in the number of circulating neu- 
trophils were maximal at four hours, at which time 
an increase of 85 per cent above control values was 
recorded. It is obvious that the secondary ele- 
vation of the neutrophil count is responsible for the 
overall 46 per cent increase in the total white cell 
count observed at four hours. Eosinophil changes 
were characterized by a decrease of 42 per cent be- 
low pre-injection values, the maximal effect also 
occurring at four hours. 

As illustrated in Figure 2 the injection of 1.0 ml. 
of distilled water followed by repeated venipunc- 
ture failed to cause significant alterations in the 
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number of circulating leucocytes throughout a six 
hour period of observation. The administration 
of epinephrine to the same three individuals was 
followed by the characteristic biphasic leucocyte 
response. 

Eleven patients (Group B) who were hospital- 
ized for a variety of medical illnesses (Table II) 
were “epinephrine-tested” just prior to discharge 
from hospital. The cellular response to epineph- 
rine was the same as in Group A except that in 
this group the neutrophilia expected during Phase 
II was significantly less, an average increase of 
54 per cent being recorded as compared with 85 
per cent in the normal subjects. A manifestation 
of the same phenomenon, but to an, even greater de- 
gree, was observed in three patients (Group C) 
who, at the time of the test, had a leucocytosis as- 
sociated with acute inflammation. In all three in- 
stances in Group C, (Table II) the number of cir- 
culating neutrophils, at the height of the effect in 
Phase II, was found to be actually reduced below 
pre-injection levels (— 27 per cent) rather than 
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having reached the expected 85 per cent increase. 
The difference between the three groups, in regard 
to the secondary neutrophilic response is statisti- 
cally highly significant (Table III). 


DISCUSSION 


In normal human subjects all components of 
the circulating white cell series are mobilized in 
the “primary phase” (Phase I) of the epinephrine 
test. This observation is clinically significant in- 
asmuch as a similar change in circulating leucocytes 
is implied by some authors (7, 8) to represent the 
degree of sequestering activity of the spleen. It 
is further implied by those authors that an in- 
crease beyond the normal degree of response in the 
mobilization of circulating leucocytes following 
epinephrine administration would reflect an in- 
creased, pathologic sequestering activity of a hy- 
peractive spleen. 

Admittedly the clinically enlarged spleen does 
commonly decrease in size following parenteral ad- 
ministration of epinephrine concomitantly with 


= TABLE II 


Maximal per cent change in the number of circulating leucocytes occurring within Phase I and Phase II after the 
intramuscular injection of epinephrine in patients hospitalized for various medical illnesses 
(Group B) and in patients with inflammatory leucocytosis (Group C 











Group B Total white cell count Neutrophils 
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Ess. hypertension 
Ess. hypertension 
Hypertension 
Nephrectomy 
Chronic congestive 
failure 

Renal hypertension 
Renal hypertension 


—23 
—22 
+35 





— 3 
—70 
— 40 
+2 


—JO9 


—50 





— 6 





il +44 
| +34 











Mean +54 


+150 


| 





+/++ + ++4+4+4+ +4 

















| 
Group C | Total white cell count | Neutrophils 
{ 


Lymphocytes 


Eosinophils 





Diagnosis 
I | Il 








i ae 9 
| +20 | 





—53 
—17 
—40 


Minor surgery 
Acute pyoderma 


+64 Primary chancre 





| +45 | —37 








LEUCOCYTE CHANGES FOLLOWING EPINEPHRINE INJECTION 


TABLE Ill 


The mean maximal per cent change in the number of circulating leucocytes occurring within Phase I and Phase II 
after the intramuscular injection of epinephrine hydrochloride in hospital patients 





Total white count 


Neutrophils 


Lymphocytes Eosinophils 





Phase I Phase II Phase I 


Phase II Phase I Phase II Phase I Phase II 





A* +89 +60 +59 


+108 +166 —16 +77 —46 





Bt +74 +34 +50 


+ 54 +150 +88 —3! 





Ct +50 —23 +22 


— 27 +107 +45 —37 





PB§ 
PC|| 

















<0.01 
<0.05 
>0.01 

















* Group A—Normal human subjects. 


+ Group B—Patients hospitalized for various acute and chronic illnesses. 
t Group C—Patients with acute inflammatory neutrophilic leucocytosis. : Da 
§ PB—The difference in the response of neutrophils of Group B in Phase II as compared with Group A is highly 


significant. 


|| PC—The difference in the response of neutrophils of Group C in Phase II as compared with Group B is significant. 
Compared with Group A then the difference is highly significant. 


the increase in circulating leucocytes (19). It ap- 
pears, however, that complex mechanisms other 
than splenic contraction are involved in Phase I 
leucocyte changes (20). 

From these observations concerning Phase I it 
may be concluded that the application of the epi- 
nephrine test in the recognition of “hypersplenic” 
states requires consideration of the degree of re- 
sponse in normal human subjects. A comparison 
between the response in normal subjects and pa- 
tients with hematologic changes characteristic of 
the “hypersplenic” syndromes is at present in 
preparation. : 

Michael (13), in an extensive review has re- 
cently considered the biphasic alterations in the 
circulating leucocytes which follow the adminis- 
tration of epinephrine. He has suggested that a 
hormonal influence of the pituitary-adrenocortical 
system may be involved in the primary changes in 
circulating leucocytes which follow the injection 
of epinephrine. It is of interest that the adminis- 
tration of ACTH * to two subjects in this labora- 
tory failed to evoke significant primary changes in 
either instance. 

Hormonal factors do seem concerned, however, 
in the leucocyte changes of Phase I]. That an in- 


3 ACTH—A single intramuscular injection of ACTH, 
equivalent in potency to 25 mg. of the Armour Standard 
La-1-A, supplied through the courtesy of Dr. J. R. Mote, 
Armour Laboratories, Chicago, III. 


crease in circulating neutrophils, together with a 
decrease in lymphocytes and eosinophils, reflects 
an increased adrenal cortical secretion is well docu- 
mented (9, 21, 22). Identical changes follow the 
injection of ACTH in both animals and man. 
These leucocyte changes, therefore, reflect aug- 
mented activity of the intact pituitary-adrenocorti- 
cal system. 

It has been previously demonstrated that the ad- 
ministration of epinephrine in normal human sub- 
jects also elicits the general leucocyte changes 
characteristic of Phase II herein described (9, 12). 
In experimental animals the removal of the an- 
terior pituitary gland or the adrenal cortex, how- 
ever, vitiates the secondary lymphopenia and 
eosinopenic response to epinephrine (9). In hu- 
man subjects during states of hypoadrenal activity, 
the secondary eosinopenic response to epinephrine 
has been shown to be absent (11). 

Neutrophils, on the other hand, demonstrate 
a quite dissimilar behavior. Dougherty and White 
(21) clearly demonstrated that despite removal of 
the adrenal cortex in experimental animals, an in- 
crease in circulating neutrophils nonetheless fol- 
lowed the administration of ACTH. In these in- 
stances the lymphopenia did not appear. Hills, 
Forsham and Finch (23) described a similar al- 
though submaximal neutrophilia following the ad- 
ministration of ACTH in patients with Addison’s 
disease. During these tests lymphopenia and 
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eosinopenia did not occur. More recently Hunger- 
ford (24) has reported that despite simultaneous 
hypophysectomy and adrenalectomy in rats, the 
injection of adrenalin is followed by a significant 
increase in the number of circulating neutrophils 
at four hours. 

It therefore appears that the presence of the an- 
terior pituitary gland or adrenal cortex is not es- 
sential for the secondary neutrophilic response to 
epinephrine and ACTH, unlike the behavior of 
lymphocytes and eosinophils. Factors which in- 
fluence the number of circulating neutrophils are 
not therefore identical with those responsible for 
changes in circulating lymphocytes and eosinophils. 
This is in keeping with our observation of an un- 
expected decrease in circulating neutrophils in 
Phase II despite the normal lymphopenic and 
eosinopenic response to epinephrine in the patients 
with inflammatory leucocytosis (Group C). 

The injection of epinephrine in normal human 
subjects is thus characterized by a biphasic altera- 
tion in the number of circulating leucocytes. The 
primary phase involves a mobilization of at least 
neutrophils, lymphocytes and eosinophils. In an 
analysis of secondary changes the early primary 
alterations may certainly influence the degree of 
response in the later phase. It would seem, there- 
fore, that frequent sampling of blood is necessary 
to delineate the quality and quantity of leucocyte 
changes in both phases of the epinephrine test. 


SUMMARY 


1. Epinephrine (1.0 mg.) was administered in- 
tramuscularly to 34 human subjects. A biphasic 
alteration in the number of circulating leucocytes 
was observed. 

2. In Phase I a prompt mobilization of all 
white cell elements appeared within five minutes, 
the effect became maximal at 17 minutes, and there- 
after returned toward normal. The total white 
cell count increased 75 per cent, the neutrophils 
increased 45 per cent, the lymphocytes 130 per 
cent, and the eosinophils 47 per ‘cent at the time 
of maximum change. 

3. The second phase consisted of a secondary 
rise in the total white cell count of 46 per cent, an 
85 per cent increase in circulating neutrophils, a 
15 per cent reduction in lymphocytes and a 42 
per cent decrease in eosinophils. The maximal 


effect on the lymphocytes was apparent at two 
hours after injection, while the changes in total 
white cell count, neutrophils and eosinophils were 
maximal at the four hour sampling. 

4. In three patients with a neutrophilic leucocy- 
tosis associated with acute inflammation there was 
a reduction (— 27 per cent) in the number of cir- 
culating neutrophils at four hours after the injec- 
tion of epinephrine. 

5. The mechanisms involved in both phases and 
the limitations in the clinical application of the 
epinephrine test are discussed briefly. 
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The widespread use of anticoagulants in the 
prophylaxis and therapy of thrombo-embolic dis- 
ease has stimulated interest in methods for selecting 
patients who are predisposed to intravascular 
clotting. It has been suggested but by no means 
proved that inherent hypercoagulability of the 
blood is a frequent factor in the pathogenesis of 
thrombosis. On the basis of this belief several 
clinical tests have been devised to detect hyper- 
coagulability of the blood. Increased resistance 
to the anticoagulant activity of heparin has been 
reported to occur in patients with thrombotic dis- 
ease. The clotting time of blood drawn following 
intravenous injection of heparin) was said to be 
shorter in patients predisposed to thrombosis than 
in normal individuals receiving the same amount 
of heparin (1, 2). Similar results were obtained 
with blood heparinized in vitro (3). Increased re- 
sistance to heparin has been attributed to the liber- 
ation of thromboplastin into the blood following 
surgical operations and in certain other conditions 
in which thromboses frequently occur (3-5). 

Thromboplastic substances accelerate the co- 
agulation of blood and can overcome the anticoagu- 
lant effect of heparin in vitro (6). However, no 
evidence is available to support the belief that 
thromboplastin liberated into the circulating blood 
can cause an increased resistance to the anticoagu- 
lant action of heparin. The effect of the intrave- 
nous injection of thromboplastin on “heparin toler- 
* was therefore studied. Experiments were 
performed in which dogs were given intravenous 
infusions of homologous brain thromboplastin. 
“Heparin tolerance” was measured repeatedly be- 


ance’ 
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fore, during, and after the infusions. In no in- 


stance was increased resistance to heparin noted. 
Administration of small amounts of thromboplastin 
resulted in exaggerated response to heparin, and 
larger amounts delayed the coagulation of blood. 


METHODS AND MATERIALS 


Healthy mongrel dogs weighing 7.3 to 13.6 kilograms 
were anesthetized by the intravenous injection of sodium 
pentobarbital, and anesthesia was maintained for three 
to six and one-half hours by repeated injections of the 
drug as necessary. A thromboplastin preparation was in- 
fused from a calibrated buret through a 20 gauge needle 
into a saphenous vein. Blood was drawn from the jugu- 
lar veins using 20 gauge needles and silicone-treated 
syringes. . At intervals before, during, and after the 
infusion of thromboplastin, specimens were obtained for 
clotting studies. 

Preparation of thremboplastin. Thromboplastin was 
prepared from acetone-extracted dog brain by the method 
of Brambel (7). The resulting suspension was centri- 
fuged in a Servall angle centrifuge at 11,500 r.p.m. for 10 
minutes to remove particulate material. The slightly 
opalescent supernatant fluid contained from 6 to 12 mg. 
of brain solids per ml. as measured by drying in vacuo. 
The thromboplastic activity of this material was deter- 
mined by testing its clot-accelerating effect on the plasma 
of the dog to be infused with the preparation. One-tenth 
ml. of thromboplastin was added to 0.1 ml. of oxalated 
plasma. This mixture was clotted at 37° C. by the ad- 
dition of 0.1 ml. of M/40 calcium chloride solution. Vari- 
ous thromboplastin preparations clotted dog plasma in 
eight to 13 seconds. For intravenous use the thrombo- 
plastin was appropriately diluted with 0.85% saline solu- 
tion and filtered through glass wool into the infusion 
apparatus. The thromboplastic activity of the diluted and 
filtered material was then determined as described above. 

Clotting times. Clotting times were determined at 37° 
C., employing 1 ml. portions of blood in acid-washed 13 X 
100 mm. Pyrex test tubes. Two tubes were used for 
each determination. The clotting time of the blood of 
normal dogs varied between 10 and 20 minutes, values 
essentially identical with those obtained in human sub- 
jects with the same technique. 

In vitro “heparin tolerance.” One ml. portions of 
freshly drawn blood were placed in Pyrex clotting tubes 
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containing 0.1 ml. of heparin® solution. The final con- 
centration of heparin was varied from 0.05 to 0.2 Toronto 
units per ml. of blood. The clot-retarding effect of the 
various heparin concentrations was determined by com- 
paring the clotting time of heparinized and unheparinized 
blood. Each test was carried out in duplicate at 37° C. 
At least two control “heparin tolerance” tests were per- 
formed on each animal. 

In vivo “heparin tolerance.” After several control clot- 
ting times were performed, a measured volume of heparin 
solution was injected into a saphenous vein. The clotting 
time of blood drawn from the jugular vein was deter- 
mined at intervals following the injection. 

Prothrombin times. To freshly drawn blood was added 
10% by volume of M/10 sodium oxalate solution. The 
prothrombin content of oxalated plasma was estimated 
by the one-stage method employing rabbit brain throm- 
boplastin prepared by the technique of Brambel (7). 
In addition the prothrombin time of plasma diluted 
to 12%% was determined. The diluent employed was 
0.85% sodium chloride solution or a solution containing 
six parts of saline and one part of M/10 sodium oxalate 
solution. In some experiments in which saline alone was 
used, diluted plasma clotted prior to the addition of cal- 
cium chloride solution. Prothrombin times on 12%% 
plasma were performed at least in triplicate. 

Fibrinogen determinations. The fibrinogen concentra- 
tion of oxalated plasma was determined by the method 
of Ratnoff and Menzie (8). 

Platelet counts. Platelet counts were performed in 
duplicate by a direct method employing Rees-Ecker 
diluent. 

Thrombin clotting times. The time necessary for clot 
formation after the addition of 0.2 ml. of a thrombin * 
solution to an equal volume of oxalated plasma was de- 
termined in duplicate at 37° C. Powdered thrombin was 
dissolved in barbital buffer to a concentration of 2.0 units 
per ml. 

Barbital buffer. Barbital buffer was prepared from the 
following substances: sodium diethylbarbiturate 2.06 
grams, diethylbarbituric acid 2.76 grams, sodium chlo- 
ride 7.30 grams, and sufficient triple-dist':d water to 
bring the total volume to one liter. To facilitate solu- 
tion the mixture was heated gently without boiling. The 
pH of this solution was 7.5 + 0.1. 


EXPERIMENTAL STUDY 


Normal dogs, anesthetized with nembutal, were 
given intravenous infusions of homo!‘ogous brain 


thromboplastin. The thromboplastic activity of 
the preparations and the rate of infusi 2 were var- 
ied over wide ranges. Animals receiving these 


3 Heparin sodium was kindly supplied by the Upjohn 
Company, Kalamazoo, Michigan. 

4Thrombin (bovine) was obtained through the cour- 
tesy of the Upjohn Company, Kalamazoo, Michigan. 
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infusions showed no evidence of untoward reac- 
tions except in those instances in which rapid in- 
jections of very potent thromboplastin were given. 
Pulse and respirations did not appear to be in- 
fluenced by the infusions. No convulsive move- 
ments were noted. In no instance was there de- 
tectable thrombosis of the saphenous vein at the 
site of the thromboplastin infusion. Recovery 
from anesthesia was uncomplicated, and the ani- 
mals appeared normal for a period of observation 
of at least one week. No animals were sacrificed. 

When an injection of 10 ml. of a potent throm- 
boplastin ® was given within 30 seconds, the ani- 
mal appeared to be in respiratory distress for about 
15 minutes. Thereafter, recovery was prompt and 
uncomplicated. The administration of 10 ml. 
of even more potent thromboplastin (prothrom- 
bin time 13 seconds or less) within 30 seconds was 
followed by evidence of severe respiratory distress 
and death within two or three minutes. At au- 
topsy large clots were found in the chambers of 
the right side of the heart, pulmonary arteries, and 
frequently in the inferior vena cava. 

In vitro “heparin tolerance.” Figure 1 gives the 
results of a typical experiment. This experiment 
will be described in detail : 

A healthy 10 kilogram male mongrel dog was anes- 
thetized by the intravenous injection of sodium pento- 
barbital, 30 mg. per kilogram. Anesthesia was main- 
tained for about three hours by two subsequent injections 
of 25 mg. of the drug. Seventeen ml. of blood were 
obtained by jugular vein puncture with a 20 gauge needle 
and a 20 ml. silicone-treated syringe. This blood was 
used for in vitro “heparin tolerance” tests, prothrombin 
and thrombin clotting times, and platelet, hematocrit, and 
fibrinogen determinations. Five and 28 minutes later 
other blood specimens were obtained and these tests re- 
peated. Thus, three separate control determinations were 
made before the beginning of the thromboplastin infusion. 
One minute after the last control specimen had been drawn, 
an infusion of dog brain thromboplastin was started in 
the left saphenous vein through a 20 gauge needle. This 
particular preparation of dog brain thromboplastin con- 
tained 0.64 mg. of brain solids per ml. The thrombo- 
plastic activity of the material was such that it gave 
a prothrombin time of 18 seconds with the dog’s plasma. 
The infusion was maintained at a rate of 0.75 ml. per 
minute for a period of eight minutes at which time an- 
other specimen of blood was obtained for study. 

The infusion was continued at the following rates dur- 
ing each successive period: 1.0 ml. per minute for nine 


5 The thromboplastin gave a prothrombin time of 22 
seconds with the dog’s plasma. 
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minutes, 1.5 ml. per minute for 14 minutes, and 3.2 ml. 
per minute for 18 minutes. At the end of each period 
blood specimens were obtained for clotting studies. The 
total time required for the administration of thrombo- 
plastin was 49 minutes. Blood drawn during the infu- 
sion did not clot after the addition of oxalate, indicating 
that thrombin was not present in the blood obtained from 
the jugular vein. One and 23 hours after the infusion 
was discontinued, additional specimens were obtained. 

The animal withstood the procedure well. Pulse and 
respirations remained normal, and at no time was there 
evidence of distress. Recovery from anethesia was un- 
complicated, and the dog appeared normal for the period 
of observation of one week following the procedure. 


In this experiment the infusion of thromboplastin 
resulted in prolongation of the clotting time, exag- 
gerated response to heparin, prolongation of the 
prothrombin times of undiluted and 124%4% plasma, 
and decrease in platelets. These changes could 
not be accounted for on the basis of alteration in 
fibrinogen concentration. The hematocrit values 
did not change appreciably. 

It was apparent that the infusion of the material 
used in this experiment did not increase heparin 
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resistance but actually led to the development of a 
severe coagulation defect. Therefore, in other ex- 
periments thromboplastin preparations of lower 
activity were employed. In one experiment the 
thromboplastic activity of the material infused was 
such that it gave a prothrombin time of 30 seconds 
with the dog’s plasma. Eighty and one-half ml. 
of this preparation were given at increasing rates 
over a period of 66 minutes. There was slight 
prolongation of the clotting time, exaggerated re- 
sponse to heparin, increase in the prothrombin 
time of 124% plasma, and decrease in platelets. 
At no time was a reduction of the fibrinogen con- 
centration detected. 

When the amount of thromboplastin infused 
was further decreased, the effects on the coagula- 
tion mechanism were much less striking. An ex- 
periment was performed in which 31 ml. of a 
brain preparation were infused over a period of 
33 minutes. This thromboplastin gave a pro- 
thrombin time of 27 seconds with the dog’s plasma. 
The results were similar to those obtained in the 
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previous experiments except that the changes were 
slight and of questionable significance. 

In another experiment the effects of a prolonged 
infusion of very weak thromboplastin preparation 
were studied. This thromboplastin gave a pro- 
thrombin time of 61 seconds with the dog’s 
plasma.* A total of 89 ml. was given over a period 
of 124 minutes at an average rate of infusion of 
0.72 ml. per minute. There was no evidence of 
hypercoagulability of the blood or of increased re- 
sistance to heparin. The slight changes which 
occurred suggested a mild impairment of coagula- 
tion. 

Since it was not possible to demonstrate hyper- 
coagulability of the blood during the infusion of 
relatively weak thromboplastin, attempts were 
made to produce temporary states of hypercoagu- 
lability by the injection of very potent material. 
One dog received an infusion of 28 ml. of a 
thromboplastin which gave a prothrombin time of 
12 seconds with the dog’s plasma. This material 
contained 6.9 mg. of brain solids per ml. The in- 
fusion was given over a period of 52 minutes. All 
of the changes depicted in Figure 1 were also seen 
in this experiment, but were more marked. How- 
ever, the animal withstood the infusion without 
evidence of disability. 

In other experiments potent thromboplastin was 


6 The feeble activity of this thromboplastin was indi- 
cated by the fact that this dog’s plasma clotted in 90 sec- 
onds when 0.85% saline solution was substituted for the 
thromboplastin preparation. 
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injected at a rapid rate from a syringe. Table I 
summarizes the results of an experiment of this 
type. Ten ml. of a preparation which gave a 
prothrombin time of 22 seconds with the dog’s 
plasma were injected within a period of 30 sec- 
onds. This material contained 2.3 mg. of brain 
solids per ml. Blood drawn one minute after the 
injection showed slight prolongation of the clot- 
ting time and a greatly exaggerated response to 
heparin. The clotting time quickly returned to 
normal, but marked sensitivity to heparin per- 
sisted. No significant change occurred in the pro- 
thrombin times. There was no reduction of the 
fibrinogen concentration. The platelet count fell 
precipitously but returned to normal within 33 
minutes. There was no external evidence of in- 
travascular clotting, and the animal appeared to 
suffer no adverse effects from this injection. 
Thirty-four minutes after the first injection, 10 
ml. of a preparation which gave a prothrombin 
time of 13 seconds were injected within 30 sec- 
onds. This amount of brain extract caused im- 
mediate death in animals which had not received 
a prior injection of less concentrated material. 
Although the respiratory rate increased from 12 to 
35 per minute and respirations appeared labored 
for about 15 minutes after the injection, the ani- 
mal survived the procedure without further diffi- 
culty. Recovery from anesthesia was uneventful, 
and the dog was normal in behavior and appear- 
ance for the period of observation of one week. 


TABLE I 
Effects of rapid intravenous injection of thromboplastin 











(units per ml. of bl 
Time in relation to 


Clotting times of 1.0 ml. portions of blood containing 
the following concentrations 9 heparin 


Prothrombin time 


Fibrinogen Platelets 





thromboplastin injection 
0.10 


Undiluted 
plasma 


124% 
plasma 





min. 
61 minutes before 24 
58 minutes before 24 
26 minutes before 23 














Sec. per cmm. 
—_ : 300,000 
— 283,000 
30 inden 














Thromboplastin* 10 ml. injected within 30 seconds 





1 minute after 270 
3 minutes after 240 
5 minutes after 110 
33 minutes after 190 











>420 
>420 
>420 

210 


96,000 











* This material gave a prothrombin time of 22 seconds with the dog’s plasma. 
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The rapid injection of 10 ml. of potent thrombo- 
plastin killed the animals unless they had been 
rendered refractory by previous injection of di- 
luted thromboplastin. When dogs were given 
rapid intravenous injections of 10 ml. of very po- 
tent thromboplastin, there was immediate profound 
respiratory distress and death followed within 
several minutes. Blood drawn within 30 to 60 
seconds following the injection clotted before ejec- 
tion from the syringe. Clots formed even when 
the blood was oxalated, indicating the presence of 
thrombin. In some experiments the rapid injec- 
tion of sublethal amounts of thromboplastin was 
followed by evidence of thrombin activity in the 
blood drawn within a few seconds after the in- 
jection. However, blood drawn one minute or 
more after the termination of the thromboplastin 
injection no longer showed the presence of 
thrombin. 


In vivo “heparin tolerance.” The effect of in- 
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fusion of thromboplastin on the response to intra- 
venous heparin is shown in Figure 2. 


A healthy 7.3 kilogram mongrel female dog, anesthe- 
tized with nembutal, was given an injection of 0.9 ml. of 
a heparin solution containing 100 units per ml. into the 
saphenous vein. Blood for clotting studies was drawn 
before the injection and two, five, 10, 20, and 30 minutes 
thereafter. After the clotting time had returned to nor- 
mal, an intravenous infusion of 31 ml. of thromboplastin 
was started in the contralateral saphenous vein. The 
thromboplastic activity of this material was such that 
it gave a prothrombin time of 30 seconds with the 
dog’s plasma. The infusion was continued for a period 
of 40 minutes at an average rate of 0.75 ml. per minute. 
Five minutes after the infusion was started, another 
specimen of blood was obtained for clotting studies. 
Then a second injection of the same amount of heparin 
which had been previously employed was given. Speci- 
mens for clotting studies were obtained at the same 
intervals as after the control injection of heparin. 


There was no increase in resistance to the anti- 
coagulant activity of the injected heparin during 
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the infusion of thromboplastin. In fact, the clot- 
ting times were longer than after the control in- 
jection of heparin. No significant change in fibrin- 
ogen levels occurred until the end of the experi- 
ment, at which time there was an increase. The 
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platelet count fell after the control injection of 
heparin, but the fall was not appreciable when 
heparin was injected during the thromboplastin 
infusion. In a control experiment, repeated intra- 
venous “heparin tolerance” tests were performed 
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on an anesthetized dog to which no thromboplastin 
was administered. Results of this experiment, 
shown in Figure 3, demonstrate the reproduci- 
bility of the “heparin tolerance” test under these 
conditions. 

“Heparin tolerance” as measured by the throm- 
bin clotting time. The thrombin clotting time of 
oxalated plasma, obtained after the intravenous 
injection of heparin, has been used to measure 
“heparin tolerance” (9). In the experiment de- 
scribed in Figure 1 the thrombin clotting time was 
prolonged during and after the infusion of throm- 
boplastin (Figure 4). When smaller amounts of 
thromboplastin were administered, there was no 
change in thrombin clotting times during or after 
the infusions. 

In the experiment depicted in Figure 2 throm- 
bin clotting times were determined after the two 
intravenous injections of heparin. The results are 
shown in Figure 5. The injection of heparin alone 
prolonged the thrombin clotting time. The same 
amount of heparin injected during the thrombo- 
plastin infusion resulted in extreme prolongation. 
That this prolongation was not due to the additive 


effects of repeated injections of heparin is shown in 
a control experiment (Figure 3). Thus the infu- 
sion of thromboplastin produced no increase in 
resistance to heparin as measured by the thrombin 
clotting time. 


DISCUSSION 


“Heparin tolerance” tests have been employed 
clinically to detect hypercoagulability of the blood 
and tendency to intravascular clotting. However, 
there is no experimental evidence that these tests 
actually measure hypercoagulability of the blood, 
nor have the factors increasing heparin resistance 
been studied. A systematic study of factors which 
influence the anticoagulant effect of heparin has 
been carried out in this laboratory. When throm- 
bin formation is impaired, blood is rendered more 
sensitive to the anticoagulant action of heparin. 
The concentration of heparin required to delay 
the coagulation of blood is directly related to the 
platelet concentration (10). No evidence was 
found that platelet-free plasma was capable of in- 
activating heparin in vitro. Platelet-free plasma 
from normal subjects as well as from patients 
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with thrombotic or hemorrhagic disease did not 
affect the anticoagulant activity of heparin (11). 

It has been suggested that liberation of throm- 
boplastin into the blood may render the blood hy- 
percoagulable and predispose to thrombosis (3, 4, 
9). The “heparin tolerance” test has been thought 
to be a measure of circulating thromboplastin 
(3-5, 9). The experiments described provide no 
support for this belief. Dogs receiving thrombo- 
plastin infusions, with the rate of infusion and 
thromboplastic activity of the material varied over 
wide ranges, displayed no evidence of hypercoagu- 
lability of the blood. On the contrary a coagula- 
tion defect associated with increased sensitivity 
to heparin was observed. Rapid injection of 
potent thromboplastin resulted in the formation of 
gross clots in the right side of the heart and pul- 
monary arteries, and death of the animal in a few 
minutes. Blood drawn from these animals within 
a few seconds following the injection clotted even 
though oxalated, suggesting that thrombin was 
present in the circulating blood. In some similar 
experiments in which the animal survived, oxa- 
lated blood clotted. This phenomenon was ob- 


served only in blood drawn within a few seconds 
after the rapid injection of potent thromboplastin. 

When large amounts of thromboplastin were 
infused, there was a reduction of the plasma fibrin- 


ogen concentration. Complete removal of fibrin- 
ogen can be accomplished in vivo by thrombo- 
plastin infusion (12, 13). When smaller amounts 
were administered so that the fibrinogen level 
was not appreciably altered, a severe coagulation 
defect was nevertheless produced. This defect 
was characterized by increased sensitivity to the 
anticoagulant action of heparin, prolongation of 
the clotting time, decrease in the platelet count, 
prolongation of the prothrombin time and in par- 
ticular the prothrombin time of diluted plasma, and 
delayed coagulation of plasma by thrombin. The 
degree of the coagulation defect was related to the 
amount of thromboplastin administered and the 
rate of the infusion. 

The nature of this peculiar coagulation defect 
is not completely understood. Thrombin forma- 
tion was undoubtedly impaired by the reduction 
in the concentration of platelets and possibly in 
prothrombin. However, the prolonged thrombin 
clotting time cannot be explained on this basis. 
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It has previously been shown that the plasma of 
dogs infused with thromboplastin may acquire 
thrombin-inhibitory properties (13). The degree 
of thrombocytopenia produced was not adequate to 
account for the increased sensitivity of the blood 
to heparin. 

Some investigators have noted that animals may 
be protected from an otherwise lethal injection of 
thromboplastin by prior injection of a sublethal 
dose. This refractory phase has been attributed to 
the removal of fibrinogen by the first injection (12, 
14). The protective action of a preliminary sub- 
lethal injection was confirmed. However, it is 
noteworthy that this refractory state occurred 
even though the fibrinogen concentration was not 
reduced by the first injection. 

It has been thought by some observers that 
shortening of the prothrombin time of diluted 
plasma is an index of tendency to thrombosis (15, 
16). In the experiments recorded here the pro- 
thrombin times of diluted plasma were not short- 
ened by the intravenous infusion of thrombo- 
plastin. On the other hand there was frequently 
a prolongation of the prothrombin time of diluted 
plasma. 

The intravenous injection of heparin resulted 
in a decrease in platelet concentration (Figure 2). 
The thrombocytopenia produced by intravenous 
injections of commercial heparin has been reported 
by others (17, 18). However, these investigators 
used larger amounts of heparin than were used 
in the present experiments. It is of interest that 
small amounts of heparin also produced transient 
thrombocytopenia. 


SUMMARY 


1. The effect of the intravenous infusion of 
homologous brain thromboplastin on the “heparin 
tolerance” test was studied in dogs. No increase 
in resistance to the anticoagulant activity of 
heparin was noted during the infusion of thrombo- 
plastin. On the other hand exaggerated response 
to heparin was observed. 

2. The infusion of thromboplastin resulted in a 
coagulation defect which was characterized by pro- 
longation of the clotting time, prolongation of the 
prothrombin time of diluted and undiluted plasma, 
decrease in platelet concentration, and prolonga- 
tion of the thrombin clotting time. These effects 
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occurred before there was a measurable reduction 
in the fibrinogen concentration. 

3. No evidence was found to support the view 
that the “heparin tolerance” test is a measure of 
circulating thromboplastin. 
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Although it has been recognized for some time 
that anoxia may result in an elevation of the pres- 
sure in the pulmonary artery, the mechanism of 
this response has not been satisfactorily explained. 

Von Euler and Liljestrand (1) in 1946 demon- 
strated in anesthetized cats that breathing 10% to 
11% oxygen in nitrogen caused a rise in pulmonary 
artery pressure which was not affected by vagot- 
omy or excision of the stellate ganglia, and which 
they therefore attributed to a direct effect of anoxia 
on the pulmonary vessels. Although left atrial 
pressure was sometimes recorded directly (2), 
no measurements of cardiac output were made, 
so that the pressor effects of changes in vascular 
resistance could not be separated conclusively from 
those due to variations in blood flow. 

Motley and his associates (3) in 1947 demon- 
strated the pulmonary hypertensive effect of anoxia 
in five unanesthetized human subjects, using the 
technique of cardiac catheterization. A slight fall 
in cardiac output occurred simultaneously with 
the rise in pulmonary arterial pressure and an in- 
verse relationship between the two was suggested. 
Nevertheless, the two possible mechanisms of 
(a) stasis in the smaller pulmonary vessels associ- 
ated with a decreased output of the left ventricle, 
or (b) pulmonary arteriolar constriction, could 
not be segregated except by inference. 

Recent reviews (4-6) of the pulmonary circula- 
tion in general, have accepted the role of anoxia 
in the pathogenesis of pulmonary hypertension, and 
have implied that the mechanism involved is pul- 
monary vasoconstriction. However, vasoconstric- 


1 Read by title at the 64th session of the Association 
of American Physicians held in Atlantic City, N. J., May 
1 and 2, 1951. 

2 This study was supported by Research Contract V1001 
M-432, Veterans Administration. 

3 Public Health Service Postdoctorate Research Fel- 
low of the National Heart Institute. Present address: 
Cleveland Clinic Foundation, Cleveland, O. 


tion with an increase in the pressure gradient and 
resistance to blood flow across the human pulmo- 
nary vascular bed has heretofore not been con- . 
clusively demonstrated to result from anoxia-.. 

The study of pressure in any closed fluid system 
requires not only a quantitative knowledge of the 
flow through the system, but an understanding of 
the resistance to that flow. In analyzing the re- 
sistance to the flow of blood from the pulmonary 
artery through the lungs to the left ventricle, the 
factor of left atrial or pulmonary venous pressure 
must be segregated from pulmonary vascular re- 
sistance. Without knowledge of the pulmonary 
venous or “capillary” pressure, it cannot be deter- 
mined whether changes in pulmonary arterial pres- 
sure, themselves, are due primarily to changes in 
cardiac output or to variations in pulmonary arteri- 
olar resistance. 

In 1948 Hellems and co-workers (7) described 
a method for determining pulmonary “capillary” 
pressure in man and have since given adequate 
proof that this pressure varies with the pulmonary 
venous pressure (8). When the pulmonary artery 
pressure, the pulmonary “capillary” pressure, and 
the cardiac output are determined simultaneously, 
the pulmonary arteriolar resistance may be cal- 
culated (9). 

It should be emphasized, as is mentioned by 
Dexter and his co-workers (10), that the term 
“arteriolar” resistance is used in the physiological 
sense, since no vessels having the anatomical char- 
acteristics of systemic arterioles are found in the 
lung, and Miller (11) avoids the word in his book. 
However, it may be used in the physiological sense 
to designate small vessels between the large 
branches of the pulmonary artery and the true pul- 
monary capillaries. 

With the foregoing in mind, it was decided to 
examine the effect of anoxia upon the pulmonary 
arteriolar resistance in man. 
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MATERIAL 


A study of the effects of anoxia in the normal pul- 
monary circulation was the primary purpose of this in- 
vestigation, although a comparison of results in patients 
with pulmonary hypertension of various types was thought 
advisable. A total of 32 patients was studied. Twenty- 


one were considered to have normal cardiovascular-pul- 
monary systems; four had left ventricular failure of mild 
to moderate degree; four, pulmonary hypertension associ- 
ated with obstructive emphysema; one, cor pulmonale and 
a large diaphragmatic hernia; one, minimal diffuse pul- 
monary fibrosis, cause undetermined; one, recently com- 
pensated hypertensive cardiovascular disease. 


METHOD 


The majority of the subjects were studied in the post- 
absorptive state, sedated by 114 to 3 ‘grains of seconal. 
Cardiac catheterization was performed according to the 
method of Cournand and Ranges (12). A double lumen 
catheter 125 cm. in length was usually employed so that 
pulmonary “capillary” pressure and pulmonary arterial 
pressure could be measured simultaneously. Pulmonary 
“capillary” pressure was determined by the method of 
Hellems, Haynes and Dexter (8) from the tip of the 
catheter, which was advanced into a branch of the pul- 
monary artery as far as possible so as to occlude the 
branch and transmit pressure distal to the point of oc- 
clusion. Pulmonary arterial pressure was recorded from 
the second lumen which terminated in a side aperture 
10 cm. proximal to the catheter tip. The Hathaway blood 
pressure recording apparatus and Hathaway variable im- 
pedance gauges were employed. These latter were con- 
nected to the catheter and the indwelling arterial needle by 
means of two three-way stopcocks, one of which was 
turned into a drip bottle containing 5% glucose and 20 
mg. of heparin per liter whenever pressure recordings or 
blood samples were not being taken. The second three- 
way stopcock was opened to atmospheric pressure to estab- 
lish a base line at the end of each pressure recording, and 
was used in exhausting air bubbles from the system when 
connecting the pressure gauges initially. In most in- 
stances, electrocardiograms, ballistocardiograms, brachial 
arterial, pulmonary arterial, and pulmonary “capillary” 
pressures were recorded simultaneously by means of a five 
channel optical oscillograph. 

Multiple cardiac output determinations were made in 
13 of the subjects by the direct Fick method. Two minute 
samples of expired air were collected in Douglas bags, 
analyzed for oxygen and CO, in the Haldane apparatus, 
and measured in a Tissot spirometer. Duplicate samples 
were required to check within 0.03%. 

As will be noted in Table I, the resting ventilation and 
oxygen consumption values occasionally appeared to be 
lower than expected. This was attributed to the degree 
of sedation accomplished by the pre-medication described, 
and was reflected in the control arterial oxygen satura- 
tions, which averaged 93.1%, also slightly below accepted 
normal values. 
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Pulmonary artery and brachial artery blood samples 
of 10-12 cc. each were obtained simultaneously over a 
period of 45 to 60 seconds during the collection of ex- 
pired air, and were analyzed for CO, and oxygen in the 
Van Slyke manometric apparatus. Duplicate analyses 
were required to check within 0.2 volume per cent. 

Control pressure tracings and cardiac output determi- 
nations were obtained usually after the catheter and in- 
dwelling arterial needle had been in place for 15 to 30 
minutes or more. The rubber mouthpiece and attached 
flutter valve for air collection and gas breathing was in- 
serted before control pressures were recorded. By means 
of a three-way respiratory stopcock attached to the valve 
and mouthpiece, the subjects were then caused to inspire 
from an anesthesia bag kept partially filled at all times 
by adjustment of a direct connection to a pressure tank 
containing 13% oxygen in nitrogen. Expiration was to 
the outside, and could be diverted to the Douglas bags for 
sampling by means of a second three-way respiratory stop- 
cock. 

The effect of the low oxygen breathing on the pulmo- 
nary artery pressure was observed on a cathode ray oscil- 
loscope incorporated in the Hathaway pressure recording 
apparatus, and permanent records were made at frequent 
intervals. When a maximum sustained effect on the pul- 
monary artery pressure had been observed, usually within 
five to 10 minutes, blood and gas samples for a second 
cardiac output determination were collected. Pressure re- 
cordings were made immediately before and after the blood 
sampling. 

The subjects were then allowed to breathe room air, 
the changes in pulmonary arterial pressure again being ob- 
served at frequent intervals on the cathode-ray oscil- 
loscope. After it was apparent that the effects of the 13% 
oxygen breathing had dissipated, usually in 10 to 15 min- 
utes, blood and gas samples for a third cardiac output de- 
termination were collected, pressure recordings again be- 
ing made immediately before and immediately after the 
samplings. 

In addition to the 13 subjects in whom repeated cardiac 
output determinations were made, pressure changes were 
recorded before, during, and after breathing 13% oxygen in 
15 others. Five subjects breathed 5% CO, in air and 
nine breathed 100% oxygen instead of, or in some in- 
stances in addition to, the 13% oxygen in nitrogen, and 
pressure changes were recorded in a similar fashion. 

Mean pulmonary arterial, brachial arterial, and pul- 
monary “capillary” pressures were determined from the 
photographic recordings by planimetric integration over 
two to four respiratory cycles. Pressures recorded 
through the catheter were corrected for the measured level 
of the gauges, using 10 cm. above the fluoroscope table 
as the arbitrary zero point (10). In the cases where the 
cardiac outputs were determined, the mean pressures im- 
mediately before and after collection of blood and gas 
samples were averaged for use in calculations of resistance. 

Pulmonary arteriolar resistance was calculated by the 
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formula: 
ns PA — PC 
CO 


R = arteriolar resistance in dynes sec. cm.~* 
‘A = mean pulmonary artery pressure in mm. Hg 
PC = mean pulmonary ‘“‘capillary” pressure in 
mm. Hg 
CO = cardiac output in cc. per second 
1332 = conversion factor from mm. Hg to dynes 
per cm? 


R X 1332 


Where 


Total peripheral resistance was calculated according to 
the formula: 
BA 
16) 


TPR = CO X 1332 


When TPR = total peripheral resistance in dynes sec. 
-6 


cm. 
BA = mean brachial artery pressure in mm. Hg 
CO = cardiac output in cc. per second 


RESULTS 


(1) Mean pulmonary artery pressure 


Of 27 subjects who breathed 13% oxygen (see 
Tables I and II), 20 were normal, four had left 
ventricular failure due to various causes (Nos. 
11, 23, 24, and 25), two had pulmonary emphy- 
sema and cor pulmonale (Nos. 27 and 28), and 
one had early pulmonary fibrosis, cause undeter- 
mined. The last patient breathed 13% oxygen 
during each of two catheterization studies (Nos. 
10 and 26). 

On 26 occasions, the mean pulmonary artery 
pressure was satisfactorily calculated before and 
during 13% oxygen breathing, and was found to 
rise 0.3 to 14.1 mm. Hg in all but one instance, 
where it fell 3.3 mm. Hg in a case of cor pulmonale. 
The average elevation was 24.6% of the control 
pulmonary artery pressure. In 23 of these sub- 
jects the mean pulmonary artery pressure was cal- 
culated after recovery from the anoxia, and re- 
turned in the direction of the control level or be- 
low it in every instance. 

The standard error of the mean of the differ- 
ences (sm) between the mean pulmonary arterial 
pressures before and during 13% oxygen breathing 
was determined from standard statistical formulae.‘ 

The observed difference of the means divided 
by sm gave a t value of 6.24. This shows a very 
significant difference between the two pulmonary 
arterial pressures, since a t value of 2.79 or above 
is significant at the 1% level. Thus, the observed 


4 Fisher, R. A., Statistical Methods for Research Work- 
Oliver & Boyd, Edinburgh, 1950, 11th ed., Section 


ers. 


13. 
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differences would occur less often than once in a 
hundred times by chance alone. 

Similar calculations using the differences in 
pulmonary arterial pressure during and after 13% 
oxygen breathing showed a t value of 6.75, also in- 
dicating a high degree of statistical significance. 
It is noteworthy that the pulmonary artery pres- 
sure before and after recovery from 13% oxygen 
breathing were not significantly different on sta- 
tistical analysis. 

Because of a possible relationship between hy- 
perventilation and elevation of pulmonary artery 
pressure, the effect of breathing 5% CO, in air— 
which caused an average increase in ventilation of 
280% in a previous series of observations in our 
laboratory (13)—was recorded in five normal sub- 
jects (Table III). As can be seen, there was no 
consistent change in the pulmonary artery pres- 
sures, a slight rise resulting in two instances, and 
a slight fall in the other three. This finding is in 
contrast to the 13 cases in Table I where 13% 
oxygen breathing resulted in less than a doubling 
of control ventilation minute volume in 11 cases, 
and slightly more than two times the control value 
in the other two instances. As has been pointed 
out, however, marked changes in pulmonary ar- 
tery pressure occurred in this group. These find- 
ings seem to eliminate the mild hyperventilation 
of 13% oxygen breathing as a contributing factor 
in the observed elevations of pulmonary artery 
pressure. 


, 


(2) Mean pulmonary “capillary” pressure 


Satisfactory recordings for determination of 
pulmonary “capillary” pressure were obtained in 
16 subjects before, during, and after the induced 
anoxia. Twelve of these were normal individuals, 
three had left ventricular failure and one early pul- 
monary fibrosis of undetermined cause. (See 
Tables I and II.) 

In 13 of the subjects, no consistent or significant 
change in the mean pulmonary “capillary” pres- 
sure was noted during the entire period of obser- 
vation. Variations of less than 3 mm. Hg with- 
out relation to the inspired gas were observed, 
and the limits of accepted normal range (10) were 
not exceeded. 

In the three patients with left ventricular fail- 
ure, changes of greater magnitude were observed, 





960 R. N. WESTCOTT, N. 0. FOWLER, R. C. SCOTT, V. D. HAUENSTEIN, AND J. MCGUIRE 


TABLE I 
Physiologic effects of breathing 13% O2 
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P. A. = pulmonary artery pressure . V. = mixed venous 

P.C. = a capillary pressure . O. = cardiac output 

B. A. = brachial artery pressure .S. = body surface 

. = pulmonary arteriolar resistance 

* Period 1 = control observations . ee 
2 = observations during 13% O; breathing 
3 = observations after recovery 
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TABLE Il 
Effect of breathing 13% Oz in Nz on brachial artery, pulmonary artery, and pulmonary capillary pressures 








Subject 


Age, race, sex Mean press. 
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and the upper limit of normal pulmonary “capil- 
lary” pressure was exceeded in each case. One 
patient showed a progressive rise, another a pro- 
gressive fall, during the period of observation, and 
the third showed a transient rise of pulmonary 
“capillary” pressure during the induced anoxia, 
with a subsequent fall toward the control value. 
No statistical significance could be shown be- 
tween the differences in pulmonary “capillary” 


pressure breathing air and 13% oxygen, the t 
value being 0.22, as compared to the t value of 
2.13 required to indicate significance at the 5% 
level. 


(3) Cardiac output 


In 13 individuals, determinations of cardiac out- 
put were made by the direct Fick method before, 
during, and after the period of 13% oxygen breath- 
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TABLE Ill 


Effect of breathing 5% CO. in air on pulmonary 
arterial pressure 








Mean 
press. 


Subject 
Age, race, sex 


18. J. M. Normal | P. 
22 C.M. B. 


Diagnosis Control Recovery 





24.6 
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17.8 
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21.8 
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ing, as described. Eleven of these subjects were 
normal, one had left ventricular failure, and one 
early pulmonary fibrosis by roentgenogram. (See 
Table I.) 

In seven of these subjects who were normal, 
there was a slight to moderate increase in cardiac 
output during the period of anoxia, followed by a 
return in the direction of the control value in the 
six where the recovery output was determined 
satisfactorily. 

In four of the subjects, a continuous fall in 
cardiac output was noted during the entire period 
of observation. This was considered to be due 
to an elevation of the observed initial value re- 
sulting from anxiety, and the finding of a rela- 
tively low arteriovenous oxygen difference with a 
high oxygen consumption at the time of the con- 
trol determination of cardiac output in three of 
these individuals (Nos. 3, 7, and 9) confirmed this 
impression (14). A similar elevation of cardiac 
output was found during recovery from anoxia in 
the case of early pulmonary fibrosis (No. 10). 

The case with left ventricular failure showed an 
insignificant diminution of cardiac output during 
the anoxic period (No. 11). 

Statistical analysis of this group as a whole, 
however, showed the cardiac output during in- 
duced anoxia to be not significantly different from 
that observed during the control or recovery 
periods. 


(4) Pulmonary arteriolar resistance 


The pulmonary artery and pulmonary “capil- 
lary” pressures and the cardiac output were satis- 
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factorily determined before, during, and after 13% 
oxygen breathing in 10 individuals, and the re- 
spective pulmonary arteriolar resistances were cal- 
culated. Nine of these subjects were normal and 
had normal control values. The patient with 
early pulmonary fibrosis of undetermined cause 
had a slightly elevated control mean pulmonary 
arterial pressure (Table I). 

Each subject showed an increase in pulmonary 
arteriolar resistance during 13% oxygen breath- 
ing, with a fall during recovery in the direction of 
or below the control value. The anoxic increase 
in resistance varied from 10.8% to 101.5% of 
the air-breathing level, with an average rise of 
48.5%. 

Figures 1, 2, and 3 demonstrate the changes in 
pulmonary arteriolar resistance that were charac- 
teristically observed. Figure 1 is taken from the 
control record of P.S. (case No. 5), at which time 
the mean pulmonary artery pressure was 10.4 mm. 
Hg, the mean pulmonary “capillary” pressure was 
4.2 mm. Hg, and the cardiac output was 5.94 L/ 
min. The pulmonary arteriolar resistance was 
83.4 dynes sec. cm.*. 

Figure 2 is taken from the record of the same 
subject after five minutes of 13% oxygen breath- 
ing. At this time the mean pulmonary artery 
pressure had risen to 14.5 mm. Hg, and the mean 
pulmonary “capillary” pressure was 4.8 mm. Hg. 
The cardiac output had risen to 7.43 L/min. and 
the pulmonary arteriolar resistance to 104.3 dynes 
eec;cm:*: 

Figure 3 represents the same subject 10 min- 
utes after 13% oxygen breathing was discontinued. 
The mean pulmonary artery pressure had fallen to 
11.2 mm. Hg, the pulmonary “capillary” pressure 
was 4.5 mm. Hg, and the cardiac output was 6.58 
L/min. At this time the pulmonary arteriolar re- 
sistance had returned to 81.4 dynes sec. cm.°. 

The T wave deformity seen in the electrocardio- 
gram (ECG) of the three figures represents an 
artifact produced by proximity of the left arm 
electrode to one of the Hathaway variable imped- 
ance pressure gauges. 

Especially noteworthy was the fact that pulmo- 
nary arteriolar resistance increased during anoxia 
in the four individuals mentioned above in whom 
the cardiac output fell continuously throughout 
the observation period. Also the one subject (No. 
10) whose cardiac output rose continuously during 
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EXCERPT FROM 


The mean pulmonary artery pressure (P.A.) is 10.4 mm. Hg, the mean pulmonary 


sure (P.C.) is 4.2 mm. Hg, and the cardiac output 5.94 L/min. 


is therefore 83.4 dynes sec. cm 


the period of observation, showed a fall in pul- 
monary arteriolar resistance after discontinuance 
of the 13% oxygen breathing, as did the other 
nine subjects. Thus the lack of direct correlation 
between cardiac output and pulmonary arteriolar 
resistance was effectively demonstrated in these 
five cases. 

The t value calculated from sm and the observed 
mean of the differences between the pulmonary 
arteriolar resistances before and during the in- 
duced anoxia, was 3.99, This shows a very sig- 
nificant difference between the two resistances, 
since a t value of 3.25 or above is significant at the 


1% level. Thus, the observed differences would 


THE CONTROL PRESSURE TRACING OF P. S. 


VASCULAR RESISTANCE 


(Case 5) 
“capillary” pres- 


The pulmonary arteriolar resistance 


occur less often than once in a hundred times by 
chance alone. 

Similar calculations using the differences in 
pulmonary arteriolar resistance during and after 
13% oxygen breathing showed a t value of 7.44, 
also indicating a high degree of statistical signifi- 
It is noteworthy that the pulmonary ar- 
oxygen 


cance. 
teriolar resistances before and after 13% 
breathing were not significantly different on sta- 
tistical analysis.* 

5 To determine the variability in measurements of mean 
pulmonary artery pressures and mean pulmonary “capil- 
lary” pressures, and in the cardiac output, the following 
studies were made. In 21 subjects of the present group 
duplicate resting measurements of pulmonary artery pres- 
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EXCERPT FROM THE PRESSURE TRACING OF THE SAME INDIVIDUAL AS FiGuRE 1, TAKEN AFTER 


Five Minutes oF 13% OxyGEN BREATHING 


The mean pulmonary artery pressure (P.A.) is now 14.5 mm. Hg, the mean pulmonary “capillary” 
pressure (P( 48 mm. Hg, and the cardiac output 7.43 L/min. The pulmonary arteriolar resist 


ance is 104.3 dynes sec. cm 


(3) Related findings constant variations were noted in the calculated 
Fe . . mean pressures, although minor changes of a few 
[he brachial artery pressure was measured di- pape é 2 — 
: : a Neca mm. Hg in either direction were the rule. The 
rectly before and during 13% oxygen breathing in 2 
. . : se Oe : total peripheral vascular resistances before, dur- 
20 subjects, and after the anoxia in 18 of these. No 
sures. The mean difference of duplicate measurements 
sure were made before and after breathing 13% oxygen was 13 mm. Hg. The standard deviation of the differ 
In 10 controls duplicate determinations of resting pulmo ences was 1.18 mm. Hg. The standard deviation of the 
nary artery pressure were made before and after dupli mean of the difference was 0.29 mm. Hg, giving a stand 
cate Fick cardiac outputs. The mean difference between ard error of the mean of the differences equal to 1.3 
the 31 pairs of measurements in the resting state was 1.7 0.57 mm. Hg 
mm. Hg, giving a standard error of the mean of 1.7 + 0.58 In nine resting control subjects duplicate determinations 
mm. Hg of the Fick cardiac output were made. The mean differ 
Similar calculations were made for the pulmonary — ence in the duplicates was 9.7%. The standard deviation 
“capillary” pressures, using duplicate resting measure- of the differences was 8.14%. The standard deviation of 
ments in the 13 of the present group with normal pres the mean of the difference was 2.9%. The standard error 


sures, and in eight control subjects with normal pres of the mean was 9.7 + 5.8%. 
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Fic. 3. PRESSURE 


RECORDING FROM THE SAME INDIVIDUAI 


as Figures 1 ANp 2, TAKEN 10 MINUTES AFTER 


Air BREATHING WaAs SUBSTITUTED FOR 13% OXYGEN 


The mean pulmonary artery pressure (P.A.) has fallen to 11.2 mm. Hg, 


CPC 
sistance is 81.4 dynes sec. cm. 


b 


lary” pressure 
Note the change 


ing, and after 13% oxygen breathing were calcu- 
lated in seven of the 13 subjects who had multiple 
cardiac output determinations. Variations up to 
20% of control values were observed in both di- 
rections again without constant relation either 
to the changes in cardiac output or pulmonary ar- 
teriolar resistance or to mean brachial artery 
pressure. 

The ballistocardiograms were characterized by 
relatively normal complexes during control ob- 
servations on the majority of normal subjects 
(Figure 1). However, during and after 13% oxy- 


gen breathing the complexes invariably became ab- 


.) is 4.5 mm. Hg, and the cardiac output 6.58 L/min 
in the ballistocardiogram (BCG) from that in Figure 


the mean pulmonary “capil 


The pulmonary arteriolar re 


normal in such a way that quantitative calculations 
therefrom were considered to be impossible. An 
example of the observed change is shown in Fig- 
ures 2 and 3. It cannot be stated at this time 
whether these ballistic alterations associated with 
anoxia were due to a direct effect on the myo- 
cardium. A study of this problem and of the re- 
lation between cardiac outputs determined from 
Fick 


method will be considered in a subsequent com- 


the ballistocardiogram and by the direct 
munication, 
In 12 subjects, the arterial oxygen saturation 


was reduced an average of 13.1% during 13% 
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oxygen breathing to levels between 72.1% and 
85.4% 


ration being 93.1% 


sat.), the mean control satu- 
(Table I). 


cases there was no direct correlation between the 


(av. 79.9% 
In the individual 


specific value to which the arterial oxygen satura- 
tion was depressed and the observed elevation of 
pulmonary artery pressure or pulmonary arterio- 
lar resistance (Figure 4). 

The oxygen consumption during 13% oxygen 
breathing was increased 5 to 21 cc./min. in five 
of the 13 subjects in whom multiple cardiac out- 
put determinations were made and fell 1 to 64 cc. 
min. in the others, including the patient with left 
ventricular failure and the four subjects mentioned 
above whose initial oxygen consumption was con- 
sidered to be elevated because of anxiety. 

During anoxia the arterio-venous oxygen dif- 
ference fell slightly below the control and _ re- 
covery values in nine of the subjects in whom this 
determination was made, and rose slightly in four 
others, three of whom had the low initial A-V 
oxygen differences presumably associated with 


anxiety. 


LacK OF CORRELATION BETWEEN ARTERIAL O, SATURATION AND THE OBSERVED ELEVATIONS OF 
PRESSURE OR PULMONARY 


ARTERIOLAR RESISTANCE 


DISCUSSION 


Hellems, Haynes and Dexter (8) have presented 
convincing evidence that the method described by 
them and employed in the present study for ob- 
taining pulmonary “capillary” pressure in man is 
valid, and that such pressure is nearly identical and 
varies directly with pulmonary venous pressure. 
Pressures obtained through catheters occluding 
small branches of the pulmonary artery and of the 
pulmonary vein have been measured by them in 
dogs (7) and in human subjects having atrial sep- 
tal defects (8), with the finding of close agree- 
ment between the two pressures in each group. 
Blood obtained from a catheter recording pul- 
monary “capillary” pressure has been repeatedly 
found by them (8) and also in our laboratory to 
be fully saturated with oxygen, indicating the ab- 
sence of contamination by pulmonary artery blood. 
Repeated observations by fluoroscopy and by study 
of continuous pressure tracings during slow with- 
drawal of the catheter occluding a branch of the 
pulmonary artery, have shown a slight but definite 
snap of the tip of the catheter as it suddenly ceases 
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to obstruct the vessel, and becomes subject to ar- 
terial pulsations, which in turn are abruptly re- 
corded on the tracings. 

The pressure gradients measured in the present 
study indicated resistance to the flow of blood 
from the main pulmonary artery to the capillary 
bed adjacent to the catheter tip, occluding a small 
branch of the pulmonary artery. It is assumed that 
this locally recorded pulmonary “capillary” pres- 
sure is representative of the entire lung, and thus 
can be used in conjunction with the cardiac output 
to calculate the total pulmonary vascular resistance. 

It is apparent from the data presented (particu- 


larly of oxygen consumption) that a steady state , 
' in pulmonary arteriolar resistance. 


was not achieved throughout the period of obser- 
vation in all cases, especially in Nos. 3, 7,9, and 10, 
as noted. It is also apparent that the effects of 
anoxia had not always entirely subsided when the 
recovery measurements were made. However, 
the fact that the pulmonary vascular resistances 
during the anoxic periods always changed in the 
same direction, and were significantly different 
statistically from the resistances beforehand and 
afterward, indicates that the changes observed 
were independent of variations in oxygen con- 
sumption (utilization). 

The results indicate that anoxia caused a prompt 
increase in the pulmonary vascular resistance, 
which was in turn rapidly dissipated when the 
anoxia was relieved. This increase in resistance 
to blood flow must have occurred as a result of 
vasoconstriction. 

Although vasoconstriction in the systemic circu- 
lation is largely mediated through the autonomic 
nervous system, it has been generally believed that 
the lesser circulation is not subject to autonomic 
influences. In 1939, Hamilton, Woodbury and 
Vogt (15) studied the effect of various drugs upon 
the pulmonary arterial and venous pressures in 
unanesthetized dogs, and concluded that there was 
no evidence of autonomic control of the pulmonary 
circulation. Von Euler and Liljestrand (1), in 
studying anesthetized cats breathing 10% to 11% 
oxygen in nitrogen, found that the resulting rise 
in pulmonary artery pressure was not affected by 
vagotomy or excision of the stellate ganglia. Since 
no associated changes in directly measured left 
atrial pressure were observed (2), the anoxic rise 
in pulmonary artery pressure was considered to be 
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mediated through a local effect of the degree of 
oxygenation of the venous blood in the arterioles 
of the lungs. Dirken and Heemstra (16), how- 
ever, found that resection of part of the sympathetic 
trunk increased pulmonary blood flow in rabbits, 
while vagotomy had no effect. These same ob- 
servers (17) have reported intense pulmonary 
constriction in experimental anoxia of the lung ex- 
posed to nitrogen while the opposite lung was ex- 
posed to oxygen. Previously published data from 
this laboratory (18) showed that in four of six 
cases with pulmonary hypertension, intravenous 
injection of the autonomic blocking agent, tetra- 
ethylammonium chloride, caused a significant fall 
In four pa- 
tients with normal pulmonary artery pressure, in- 
travenous TEAC did not lower pulmonary arteri- 
olar resistance, suggesting that in some cases of 
pulmonary hypertension, at least one component 
of the increased resistance is mediated through the 
autonomic nervous system. 

At the present time, therefore, it has not been 
determined whether the pulmonary arteriolar 
vasoconstriction demonstrated to result from oxy- 
gen want is mediated through the autonomic nerv- 
ous system, or depends on a direct local effect upon 
the pulmonary vessels. 

Since the work of Motley and his associates (3) 
demonstrating the pulmonary hypertensive effect 
of anoxia in five unanesthetized human subjects, 
it has been suggested by investigators in the same 
laboratory (19), McMichael (20) and others, that 
long-standing pulmonary disease may lead to per- 
sistent pulmonary hypertension by the same mech- 
anism which produced it in Motley’s acute ex- 
periments. The possibility appeared that if one 
component of chronic pulmonary hypertension is 
anoxic vasoconstriction, breathing 100% oxygen 
should reverse this effect, at least in part. Also, 
it was noted that Von Euler and Liljestrand (1) 
demonstrated a fall in pulmonary artery pressure 
of anesthetized cats during 100% oxygen breath- 
ing, which they felt might be due to a relief of the 
excessive desaturation of venous blood inherent 
in their experimental conditions. 

In view of these considerations, the effect on the 
pulmonary artery pressure of 10-20 minutes of 
100% oxygen breathing was recorded in nine sub- 
jects (Table IV). Two of these were normal, 
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TABLE IV 


Effect of 100% Oz breathing on _siaainiateo arterial someneie 





Subject | 
Age, race, sex | 


Diagnosis Mean press. 


100% % Change 
Control O: Recovery P.A. 





| Normal 


: see | Normal 
44 C.M. 
30. R.S. l Hype. C- V 
68 W.M. disease 
26...4.. J. | Early pulmonary 
19 C.M. | fibrosis 








Zi. 5. L. | Emphysema; cor 
54. W.M. pulmonale 
Bc Ns Ce Emphysema; cor 
40 W.M. pulmonale 
31. G. A. a "Diaphrag. 
59 W.M. | hernia; cor 
pulmonale 


PESme Tenant Os — —|—---- singel 


ay Ee H. | Emphysema; cor 
60 W.M. | pulmonale 
js | Emphysema; cor 
54 W.M. | (ocean 


ar 


22.3 22.4 24.6 + 04 
97.9 : 112.3 


11.1 | 4.15.3 
95.3 














one had compensated systemic hypertension, one 
early pulmonary fibrosis, and five had chronic 
pulmonary hypertension with cor pulmonale. A 
slight rise or no change in mean pulmonary artery 
pressure was found in the subjects with control 
values that were normal or nearly so, whereas a 
definite decline in pulmonary artery pressure was 
found in the five individuals with chronic pul- 
monary hypertension. In three of the five, the 
mean pulmonary artery pressure resumed its pre- 
vious elevation soon after the subjects were re- 
turned to breathing ambient air. 

Although no cardiac output determinations were 
made during these observations, and the number of 
cases was too small for statistical analysis, the re- 
sults are consistent with the possibility that anoxic 
elevation of pulmonary arteriolar resistance may 
be a contributing and reversible factor in the pro- 
duction and maintenance of at least some types of 
chronic pulmonary hypertension. 

In support of this view is the finding by Cour- 
nand (6) of a linear correlation between the de- 
gree of arterial oxygen unsaturation and the degree 
of pulmonary hypertension in a large group of 
patients with chronic pulmonary emphysema. Fac- 


tors other than anoxia are usually simultaneously 
at work, however, as has been clearly pointed out 
by Ferrer and associates and others (19, 5). Dis- 
tortion of the pulmonary flow-vascular capacity 
ratio results in pulmonary hypertension in most 
types of chronic lung disease when there is in- 
creased right ventricular output, hypervolemia, 
increased blood viscosity due to polycythemia, or 
progressive anatomic restriction of the pulmonary 
vascular bed. 

Anoxia may also participate in the variety of 
pulmonary hypertension associated with mitral 
stenosis and with left ventricular failure. Here 
the retrograde transmission of rising left atrial 
pressure is mechanically responsible for a similar 
rise in pulmonary capillary and pulmonary artery 
pressure, but with maintenance of an essentially 
normal gradient in the early stages (9). How- 
ever, it has been demonstrated by Dexter and his 
co-workers (10) that when the pulmonary “capil- 
lary” pressure in mitral stenosis exceeds a critical 
value of 20-25 mm. Hg an additional element of 
pulmonary arteriolar constriction supervenes, re- 
sulting in a further precipitous rise in pulmonary 


artery pressure. Since this critical range of pul- 
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monary “capillary” hydrostatic pressure approxi- 
mates the osmotic pressure of plasma (21), it 
appears reasonable to assume that the delivery of 
oxygen from the alveolar air to the pulmonary 
capillary blood may be interfered with due to ex- 
cessive congestion and beginning edema formation. 
The role in this embarrassment played by thicken- 
ing of the capillary basement membrane in mitral 
stenosis (22) remains a matter of conjecture. 
However, the arteriolar constriction which pro- 
vides the abrupt increment in pulmonary artery 
pressure observed in both mitral stenosis and in 
left ventricular failure (10, 23) may in turn be 
the result of anoxia. 

Dexter and his associates (10) have pointed out 
that this increased resistance may be considered 
teleologically as a compensatory mechanism pre- 
venting to some extent sudden increases in flow 
through the capillaries to the incompetent left 
ventricle or to the narrow mitral valve and there- 
fore protecting the pulmonary capillaries from a 
higher hydrostatic pressure and pulmonary edema. 
It appears likely that such a mechanism may be 
initiated by anoxia. 

Although anoxia and its attendant increase in 
pulmonary arteriolar resistance may be regarded 
as a common denominator in many instances of 
pulmonary hypertension, it should be emphasized, 
as pointed out by Liljestrand (2), that the same 
mechanism may also provide valuable local regu- 
lation of blood flow normally, and in conditions 
where there is unequal oxygenation in various 
parts of the lung. The flow of blood wil! be di- 
rected away from parts of the lung which are badly 
ierated and distributed to parts where the purposes 
of the lesser circulation can be better fulfilled, 
without noticeable change in the pulmonary artery 
pressure. 

It has been pointed out by Cournand (6) that 
such delicate adjustment is notably absent in 
chronic pulmonary disease, where, in addition to 
pulmonary hypertension, one of the principal 
causes of physiologic disorder is the disturbance 
in local alveolar ventilation-perfusion relationships. 


SUMMARY 


1. The effects of anoxia on the human pulmo- 
nary circulation were studied by means of cardiac 
catheterization. 
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2. On 26 occasions, 13% oxygen breathing 
caused an average rise in mean pulmonary artery 
pressure of 24.6% above the control levels. 

3. No significant change in mean pulmonary 
“capillary” pressure was observed in 16 subjects 
who breathed 13% oxygen. 

4. No statistically significant change in cardiac 
output could be attributed to anoxia in 13 sub- 
jects in whom multiple Fick determinations were 
made. 

5. Simultaneous determinations of mean pul- 
monary artery and pulmonary “capillary” pres- 


sures and cardiac output were made before, dur- 
4, 


{ ing, and after 13% oxygen breathing in ten indi- 


viduals. The pulmonary arteriolar resistances 
calculated therefrom showed an average increase 
of 48.5% during the low-oxygen breathing, a dif- 
ference which is shown to be highly significant 
statistically. 

6. Changes observed in the systemic blood pres- 
sure, total peripheral resistance, ballistocardiogram, 
arterial oxygen saturation, oxygen consumption, 
and arterio-venous oxygen difference are described. 

7. Evidence for and against autonomic media- 
tion of the observed anoxic pulmonary vasocon- 
striction is reviewed. 

8. The increase in pulmonary vascular resistance 
observed to result from anoxia is discussed as to 
its probable contribution to the pulmonary hy- 
pertension of chronic lung disease, mitral stenosis, 
and left ventricular failure. 


ACKNOWLEDGMENTS 


The authors wish to express their grateful appreciation 
for the expert technical assistance of Mrs. Mary M. 
Damron and Mr. Harold E. Perlman. We are also in- 
debted to Mrs. Peggy Eagan, Mrs. Jean Patterson and 
Mrs. Thella Laughlin for their invaluable assistance in 
preparation of the manuscript. 


REFERENCES 


1. Von Euler, U. S., and Liljestrand, G., Observations 
on the pulmonary arterial blood pressure in the cat. 
Acta physiol. Scandinav., 1946, 12, 301. 

2. Liljestrand, G., Regulation of the pulmonary artery 
blood pressure. Arch. Int. Med., 1948, 81, 162. 

3. Motley, H. L., Cournand, A., Werko, L., Himmel- 
stein, A., and Dresdale, D., The influence of short 
periods of induced acute anoxia upon pulmonary 
artery pressures in man. Am. J. Physiol., 1947, 
150, 315. 





970 


R. N. WESTCOTT, N. O. FOWLER, R. C. SCOTT, 


. Israel, H. L., Pulmonary hypertension and heart dis- 


ease. Am. Practitioner, 1950, 1, 367. 


. Ellis, L. B., and Bloomfield, R. A., Cardiac catheteri- 


zation. New England J. Med., 1950, 243, 339. 


. Cournand, A., Some aspects of the pulmonary circu- 


lation in normal man and in chronic cardiopul- 


monary diseases. Circulation, 1950, 2, 641. 


. Hellems, H. K., Haynes, F. W., Dexter, L., and Kin- 


ney, T. D., Pulmonary capillary pressure in ani- 
mals estimated by venous and arterial catheteriza- 
tion. Am. J. Physiol., 1948, 155, 98. 


. Hellems, H. K., Haynes, F. W., and Dexter, L., Pul- 


. Dexter, L., 


monary “capillary” pressure in man. J. Appl. 
Physiol., 1949, 2, 24. 

Pulmonary 
health and disease, at rest. 


M. Center, 1949, 11, 240. 


circulatory dynamics in 
Bull. New England 


. Dexter, L., Dow, J. W., Haynes, F. W., Whitten- 


berger, J. L., Ferris, B. G., Goodale, W. T., and 
Hellems, H. K., Studies of the pulmonary circula- 
tion in man at rest. Normal variations and the 
interrelation between increased pulmonary blood 
flow, elevated pulmonary arterial pressure, and 
high pulmonary “capillary” pressures. J. Clin. 
Invest., 1950, 29, 602. 


. Miller, W. S., The Lung. Charles C. Thomas, Spring- 


field, Ill., 1937. --- 


. Cournand, A., and Ranges, H. A., Catheterization ot 


the right auricle in man. Proc. Soc. Exper. Biol. 


& Med., 1941, 46, 462. 


. Westcott, R. N., and Fowler, N. O., Unpublished data. 
14. Hickam, J. B., Cargill, W. H., and Golden, A., 


’. D. HAUENSTEIN, AND J. MCGUIRE 
Cardiovascular reactions to emotional stimuli; ef- 
fect on the cardiac output, arteriovenous oxygen 
difference, arterial pressure, and peripheral resist- 
ance. J. Clin. Invest., 1948, 27, 290. 


. Hamilton, W. F., Woodbury, R. A., and Vogt, E., 


Differential pressures in the lesser circulation of 
the unanesthetized dog. Am. J. Physiol., 1939, 
125, 130. 


. Dirken, M. N. J., and Heemstra, H., Agents acting 


on the lung circulation. Quart. J. Exper. Physiol., 


1948, 34, 227. 


. Dirken, M. N. J., and Heemstra, H., Alveolar oxygen 


tension and lung circulation. Quart. J. Exper. 


Physiol., 1948, 34, 193. 


. Fowler, N. O., Westcott, R. N., Hauenstein, V. D., 


Scott, R. C., and McGuire, J., Observations on 
autonomic participation in pulmonary arteriolar 
resistance in man. J. Clin. Invest., 1950, 29, 1387. 


. Ferrer, M. I., Harvey, R. M., Cathcart, R. T., Web- 


ster, C. A., Richards, D. W., and Cournand, A., 
Digoxin in cor pulmonale. Circulation, 1950, 1, 
161. 


. McMichael, J., Heart failure of pulmonary origin. 


Edinburgh M. J., 1948, 55, 65. 


. Landis, E. M., Capillary pressure and capillary perme- 


ability. Physiol. Rev., 1934, 14, 404. 


. Parker, F., Jr., and Weiss, S., Nature and significance 


of structural changes in the lungs in mitral stenosis. 
Am. J. Path., 1936, 12, 573. 


. Borden, C. W., Ebert, R. V., Wilson, R. H., and Wells, 


H. S., Pulmonary hypertension in heart disease. 
New England J. Med., 1950, 242, 529. 





THE MOTION OF THE THORAX DURING THE HEART CYCLE: 
A COMPARISON OF LONGITUDINAL, LATERAL AND DORSO- 
VENTRAL BALLISTOCARDIOGRAMS* 


By J. LEONARD BRANDT, ANTHONY CACCESE, WILLIAM DOCK, anp 
ALVIN SCHRAGER 


(From the Department of Medicine, State University of New York, College of Medicine and 
the Kings County Hospital, Brooklyn, N. Y.) 


(Submitted for publication March 13, 1951; accepted June 30, 1951) 


The lateral motion of the body during the cardiac 
cycle has been observed by Yandel Henderson and 
others who recorded the motion of a table on which 
the subject reclined (1). Antero-posterior, lateral 
and longitudinal recording (2), and recording of 
lateral motion at three levels simultaneously with 
the longitudinal ballistocardiogram (3) also has 
been carried out with the table method but in 
each case only a few records have been reproduced. 
When motion was recorded from three points 
along the side of a table, the foot moved in the op- 
posite direction from the head and shoulders (3). 
It is therefore to be expected that records of lateral 
motion of the entire body will have less amplitude 
than records of motion at the level of the chest.? 

With the introduction of photoelectric and elec- 
tromagnetic methods (4) for recording the longi- 
tudinal ballistocardiogram directly from the body 
it was logical to attempt recordings of lateral 
thoracic motion by these methods for the purpose 
of determining possible “typical patterns” for the 
various congenital cardiac anomalies associated 
with right to left or left to right shunts. The lateral 
motion of the body may be recorded from any de- 
sired point, but we consider motion at the thoracic 
level of the greatest interest, and the level of the 
xiphoid process in the right midaxillary line the 


1 Supported by a grant from Federal Security Agency, 
Public Health Service, National Institutes of Health, 
Bethesda, Maryland. 

2 Scarborough and associates (2) suggest the use of 
antero-posterior ballistocardiograms, in concordance with 
radiologic practice, rather than use of dorsoventral, as 
used by Hamilton, Dow and Remington (1), or by 
Braunstein, Oelker and Gowdy (3). There are two dis- 
advantages—lack of precision, since antero-posterior axes 
of quadrupeds and bipeds are at right angles, and three 
extra syllables. We adhere to the original and the more 
precise and concise terminology. In all tracings in this 
report, headward, rightward and ventral motion are up- 
ward deflections. 
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most useful and reproducible. Recordings from a 
similar position on the left may be interfered with 
by the apex thrust when the heart is large. 


Using multichannel apparatus we have recorded the 
right lateral ballistocardiogram simultaneously with the 
electrocardiogram and longitudinal ballistocardiogram in 
50 subjects without valvular disease, in 20 subjects with 
various congenital cardiac anomalies, and in a few sub- 
jects with acquired valvular disease. The electromag- 
netic pick-up, filtered to reduce somatic tremor, gives 
waves coinciding in time with those recorded simultane- 
ously by the photoelectric method of the Starr table. 

Lateral or dorsoventral records can be made with 
electromagnetic pick-ups with a hinged arm on which the 
coil moves in relation to a fixed magnet, or the magnet on 
a hinge moves in relation to a fixed coil. Contact can be 
made directly, with the hinge touching the body and 
swinging in the chosen plane. We have found the best 
contact is made by mounting a ball-point so as to project 
from the hinge in the line of motion and by fixing a glass 
slide over the surface of the skin at the chosen point. 
This gives a frictionless contact when the surface of the 
slide is parallel to the sagittal and longitudinal axis of the 
body and prevents picking up motion in any but the 
lateral direction; when parallel to the horizontal plane 
and longitudinal axis, only dorsoventral motion is re- 
corded. (See Figure 1; A, B and C.) 

The direct recording ballistocardiogram can be stand- 
ardized in terms of either velocity or bodily motion. By 
applying tension to the body, and releasing the tension, 
the relation of displacement to applied force can be 
quantitated for each patient just as can be done for vari- 
ous table methods. On the average, the displacement 
of the body in a longitudinal ballistocardiograph on the 
direct method gives a 1 cm. deflection or 1 mv. of cur- 
rent, when a pull of 125 to 150 grams applied by cords 
over the shoulders is released. In the lateral plane, stand- 
ardization is less simple. In general when the longitudi- 
nal and lateral records are recorded simultaneously 
lateral waves are recorded at 2-4 mm./mv. and longitudi- 
nal at 1 cm./mv. At these settings the largest waves have 
about the same amplitude. A similar ratio exists between 
dorsoventral and longitudinal recordings. Since no need 
for quantitation arose in our work, this matter has not 
been pursued. We are interested in relative size and tim- 
ing of waves, not in the absolute force represented by a 
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Fic. 1 

A. Positioning of ballistocardiograph across shins for 
recording the longitudinal ballistocardiogram. A_ block 
is placed under the Achilles tendon to raise the thighs 
off the table to minimize damping by friction. B and C. 
Positioning of ballistocardiographs for recording the lateral 
and dorsoventral ballistocardiogram. A fourth channel 
(not shown) records the electrocardiogram simultaneously. 


given wave. All longitudinal traces were recorded at 
1 cm./mv., laterals and dorsoventral traces at a sensitivity 
which gave easily read curves. This rarely was more than 
4 or less than 2 mm./mv. 

The fact that thoracic motion caused voltage changes 
two to five times as great as longitudinal motion of the 
entire body does not mean that the forces in the lateral 
and dorsoventral directions are greater than those in the 
longitudinal plane. The force actually reaches the skele- 
ton through the mediastinum, and motion of the thorax 
in the lateral and dorsoventral directions is great be- 
cause the thoracic cage can respond to mediastinal tugging 
without equally great motion of the entire skeleton in the 
lateral and dorsoventral directions, but not in the longi- 
tudinal direction, where the skeleton is far more rigid. 
With a table, which records the total force acting on the 
entire body, lateral and dorsoventral motion will be far 
less than in direct thoracic records. 


As seen in Figure 2, tracings from the optimal 
point (right midaxillary line at the level of the 
xiphoid ) show larger and more regular waves with 
fewer small oscillations than those taken 10 cm. 
cephalad or caudad. The direction and timing of 
all the main waves in these positions are similar. 
The point giving greatest amplitude will vary 
from subject to subject depending upon body 
build, or even in the same subject with respiration 
suspended in different phases of respiration. As is 
evident in Figures 3 and 5, the position of the rib 
cage and diaphragm has far more effect on the 
lateral than on the longitudinal ballistocardiogram. 
The effect is chiefly on the amplitude of the waves, 


Fic. 2 

A. Longitudinal ballistocardiogram. B. Simultaneous 
electrocardiogram. C. Right lateral ballistocardiogram 
recorded 10 cm. cephalad to the level of the xiphoid. D. 
Right lateral ballistocardiogram at the level of the xiphoid. 
E. Right lateral ballistocardiogram 10 cm. caudad to the 
xiphoid. All records were made from the most lateral 
point on the thorax which was about in the midaxillary 
line. In these traces rightward motion coincides with 
the headward H and J, leftward with the footward I and 
K. Lateral traces lined up by their coinciding electro- 
cardiograms. 
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Group A are longitudinal tracings. 


Group B right lateral traces. 



































Tracings Al and 


B1 taken in deep inspiration; A2 and B2 tracings during mid-position of respiration; 


A3 and B3 tracings during deep expiration. 


cardiograms fitting the tracings. 


Lower tracings of A and B are the electro- 
The respective longitudinal and lateral tracings were 


taken simultaneously. Marked changes in the lateral traces occur with only slight 


changes in the longitudinal. 
in expiration. 


Usually the I-J amplitude is larger in held inspiration than 
In this experiment with deep inspiration there was sufficient Valsalva 


effect to cause a relative decrease in I-J amplitude. 


not on their direction or on the time relation of 
peaks and troughs to those recorded in the longi- 
tudinal plane. 

Curves obtained by high frequency tables moving 
laterally may show leftward motion synchronous 
with the headward H and J waves (2, 3), al- 
though Hamilton and associates present, as a char- 
acteristic curve, rightward and dorsal motion syn- 
chronous with the J wave (1). The latter rela- 
tionship is what one would predict from the right- 
ward and dorsal path of the jet of blood in the 
aorta, and this is the relationship usually seen in 
direct records of lateral motion of the thorax. It 
seemed possible that torsion of the thorax might 
occur, and in flat-chested people this might result 
in apparent leftward motion of the lateral convexity 
even though the thorax as a whole was moving to 
the right. If the torsion rolled the supine body to 
the right, the table would be pushed to the left, thus 
explaining the relative frequency of leftward motion 
of the table synchronous with the headward J 
waves. 

We attempted to investigate the possibility of 
torsion by making records of vertical motion in the 


right and left mid-clavicular lines at the level of 
the xiphoid. Even on a hard surfaced table (Fig- 


A. Vertical motion of the thorax in the right midclavicu- 
lar line at the level of the xiphoid. B. Simultaneous right 
lateral tracing. C. Simultaneous longitudinal tracing. 
Note sharp posterior motion simultaneous with right- 
ward and headward J wave. The left vertical shows 
slight ventral motion at this time, but is distorted by the 
apex thrust which precedes it. 
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ure 4), the thorax does move dorsally during sys- 
tole, and in most cases this movement is more 
marked on the right side. No actual ventral mo- 
tion of the left hemithorax was recorded, although 
dorsal motion ended sooner than on the right, and 
a return to the base line occurred during head- 
ward inscription of the J wave. In some subjects 
the right dorsal motion is synchronous with the I 
wave rather than with J. With simultaneous table 
and direct lateral recording, this problem can be 
solved. Meanwhile it must be borne in mind that 
torsion acting on a table may either exaggerate or 
reverse the force due to actual lateral displacement 
when the body is supine or lying on one side. 
Not infrequently, rather small! lateral waves co- 
incide with major systolic waves in the longitudinal 
tracing. In subjects without heart disease, right- 
ward waves of significant amplitude coincided with 
the headward H wave in 57% of our tracings, but 
in 12% there was a leftward wave of comparable 
amplitude. Synchronous with the footward I wave 
in the longitudinal ballistocardiogram was a sig- 
nificant leftward wave in 45% and_a rightward 
wave of comparable amplitude in 8% of the lateral 


records; rightward waves with the headward J 
wave appeared in 30% of the tracings and a cor- 


responding leftward wave in 12%. Whether the 
motion opposite to that expected is due to torsion 


In Figures 5-10: A. Longitudinal ballistocardiogram. 


Right lateral ballistocardiogram. 
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of the body or true displacement was not deter- 
mined, but in two of these cases torsion did oc- 
cur, as shown by dorsoventral records from the 
right and left midclavicular regions. 

Poor correspondence of the longitudinal K wave 
with lateral waves was to be expected, since K is 
inscribed by forces generated as the blood is de- 
celerated in the descending aorta, with minimal 
lateral component. Actually leftward motion was 
obvious in 10% and rightward in 4%, at the time 
the footward K wave was being inscribed. Right- 
ward waves of significant amplitude coincided 
with the longitudinal L wave in 25% of the trac- 
ings, and corresponding leftward waves in 16%. 
The relative size of lateral waves decreased from H 
to I, I to J, and J to K, and then increased with L. 
As the auriculoventricular axis lies in a more trans- 
verse plane than the ventriculoarterial, lateral 
forces incident to systolic ejection might be rela- 
tively small, and those associated with venous pulse 
waves or with rapid ventricular filling relatively 
large. The latter would cause the large diastolic 
displacements of the lateral ballistocardiogram. 
Not infrequently a straight line in the lateral bal- 
listocardiogram occupied the time covered by 
large waves in the longitudinal ballistocardiogram 
(Figure 5E). While the diastolic waves in the 
longitudinal ballistocardiogram rarely exceed the 


B. Electrocardiogram. C. 


Here, the left group of traces were taken in deep held inspiration, and the right 


group in deep held expiration. 


The diastolic waves are larger than systolic in the 


lateral trace, and much more altered by respiratory phase. 
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systolic waves in amplitude, this is quite often 
noted in the lateral records (Figure 3 [mid-posi- 
tion], Figure 5E). 

It is tempting to relate waves in the ballisto- 
cardiogram with the motion of the heart, and es- 
pecially with the apex impulse at the onset of 
systole. Experimental studies account for all the 
waves of the I-J-K complex without any apex 
impulse (5) and the H wave often is tall in cases 
of heart disease in which an apex beat is not pal- 
pable. In the lateral ballistocardiogram there is 
seen, in rare instances, a sharp rightward motion 
synchronous with the H wave and possibly due 
to recoil from the apex thrust. 


point in systole in other subjects (Figure 6). No 
such abrupt motions are ever noted in other parts 
of the cycle, or in longitudinal traces. The sub- 
jects who exhibit such abrupt motion do not have 
unusually forceful apex beats ; in some no thrust is 
palpable. 

Of interest are the tracings from a patient with 
multiple valvular lesions and an enormous heart 
which fills almost the entire chest cavity. This pa- 
tient exhibits an extremely forceful apex beat. 
Her longitudinal tracing reveals slurred and 
notched J wave and a very deep M wave, with a 
total of three marked upward and downward waves 


Note the sharp leftward motion (downward on the 
trace) synchronous with the H wave. Such abrupt mo- 
tion is only found in lateral traces, is rarely rightward, 
and while it occurs with isometric contraction there is no 
apparent relation of such a motion to a violent apex 
thrust. In this subject the apex thrust was not visible and 
was barely palpable. 


Sudden leftward , 
motion is also occasionally recorded at the same ' 



























































Fic. 7 
From a patient with a violent apex thrust and a huge 
heart, due to rheumatic valvular disease. Dots on the 
electrocardiogram show approximate times of first, sec- 
ond and very loud third heart sounds. Comment in text. 


in each cvcle. The lateral ballistocardiograms 


(Figure 7) show only one wave per cycle with 
no significant motion synchronous with the apex 
beat or the J wave. There is slow rightward mo- 
tion in late systole, accelerated rightward motion 
synchronous with L and a steep and deep leftward 


wave synchronous with the footward M wave and 
with a loud protodiastolic gallop. Her longitudinal 
ballistocardiogram recorded from the shin elec- 
tromagnetically in 1951 is identical with that re- 
corded from the head with a pulse recorder in 
1948 (see Figure 1 in reference 6). 

The longitudinal ballistocardiogram of a pa- 
tient with complete heart block showed no waves 
relaced to auricular beats, and the I-J-K—L com- 
plexes varied only slightly with P-R intervals 
ranging from 0.16 to 0.80 seconds. The lateral 
traces were much the same with P-R intervals of 
0.16 to 0.30 seconds, but quite different with in- 
tervals of 0.52 and 0.64 seconds (Figure 8). 
Auricular beats coinciding with the phase of early 
diastolic filling greatly augmented early diastolic 
rightward motion (L wave), which was much 
larger than any of the other waves, while auricu- 
lar beats 0.16 to 0.30 seconds before the R wave 
produced a leftward displacement which was sus- 
tained throughout the entire I-J-K complex. Au- 
ricular waves in mid-diastole produced a right- 
ward and then a leftward displacement. 

Of special interest were the tracings on one 
elderly man with myxedema (Figure 9), and of. 
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From a case of complete heart block; a, in lateral trace, marks auricular complexes in mid-diastole. 


Comment in text. 


another with angina pectoris following myocardial 
infarction (Figure 10). Both had featureless small 
waves in the longitudinal tracings, and very defi- 
One reason for 
this may be in the difference in natural vibration of 
the body in the longitudinal and lateral directions. 
While the frequency is about the same, damping 


nite large waves in the laterals. 


+ 


(Febay famed (free poms 
Fic. 9 
From a case of myxedema. Continuous, characterless 


waves in the longitudinal trace, with distinct pattern of 
different phase in the lateral. 


of after waves is much greater in the lateral when 


the left chest wall is tapped, than in the longitudi- 


nal when the shoulder is tapped. It is, therefore, 
difficult to set the body in oscillation with repeated 
small impulses laterally, but this appears to occur 
not infrequently in longitudinal motion with feeble 
heart beats. 

Both the above cases showed rather abrupt left- 
ward motion synchronous with isometric contrac- 
tion, though neither had a palpable apex thrust. 
In both there was no phase relationship between 
lateral and longitudinal waves and the lateral 
traces had one less peak and trough per cycle than 
Diastolic motion greatly 
exceeded systolic in the lateral curves. In no case 
did we record in the lateral plane the chaotic jumble 
seen in some longitudinal records of cases of angina 
or infarction, but in few of our cases were records 
made without suspending respiration, which usu- 


the longitudinal records. 


ally diminishes the irregularity of the waves in 
such cases. 

Most of the young congenital cardiacs we stud- 
ied had longitudinal and lateral records which 
showed no remarkable features as compared with 





MOTION OF THORAX DURING HEART CYCLE 


1 
aa one 
t 
{ 


t 
Fic. 10 
From a case of angina pectoris. The J-K excursion, 
the largest in a longitudinal trace composed of simple 
oscillations, coincides with the peak of a rightward wave 
which begins with the trough of I and ends with the peak 
of L. 


controls. Indeed, there is no consistent relation 
of lateral thoracic ballistocardiographic patterns 
even to marked right or left axis deviation; the 
waves were the reverse of the common pattern in 
one case of situs inversus. More careful studies 
on a larger number of cases verified by catheter 
technics may reveal correlations between lateral 
thoracic ballistocardiograms and such shunts or 
acquired valvular lesions. The simplicity of re- 
cording the lateral motion whenever precordial 
leads are being inscribed with four-channel re- 
corders makes it seem desirable to do so in many 
cases of suspected myocardial disease as well as in 
valvular disease. Perhaps the most significant 
fact apparent in these tracings is that return flow 
and cardiac filling in diastole produce lateral mo- 
tion of the thorax comparable to the longitudinal 
motion of the body caused by ventricular systole. 


CONCLUSIONS 


With electromagnetic pick-ups and a multichan- 
nel recorder the dorsoventral lateral motions of 
the thorax and the longitudinal motion of the body 
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can be inscribed simultaneously with the electro- 

cardiogram. 

The lateral motion varies in amplitude at vari- 
ous levels in the right midaxillary line ; the level of 
the xiphoid was chosen for systematic study. 

Lateral motion is altered more than longitudinal 
by the phase of respiration in which the tracing 
is inscribed or by variations in the P—-R intervals 
in a given subject. 

In many normal subjects lateral motion during 
diastole is much greater than during systole, pre- 
sumably because blood moves from right to left 
as the ventricles are filled. In general rightward 
and headward, leftward and footward motions are 
recorded with direct thoracic tracings. This con- 
forms with the fundamentals of ballistic theory 
when the rightward and headward direction of the 
cardiac axis is considered. 

Dorsoventral motion recorded from the right 
and left midclavicular lines seems to indicate tor- 
sion of the trunk in systole. This may explain the 
leftward and headward systolic motion recorded 
by table ballistocardiography, for such torsion 
would push the table in a direction opposite to the 
roll of the body. 

No relation of congenital or acquired lesions to 
characteristic lateral ballistocardiograms was de- 
tected. 
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FOREWORD 


The six papers which follow present the results of extensive studies of 
the effects of administration of carboxylic cation exchange resins as re- 
flected in electrolyte and nitrogen balances under a variety of circumstances. 

The complete data proved to be so extensive as to present a real problem 
because of the excessivé printing costs involved, and publication was made 
possible by a grant from the National Drug Co. to defray the cost of repro- 


ducing the many tables and figures. 
THe Epirors 
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Problems in the regulation of the composition 
and volume of body fluids in health and in disease 
states fall into three general groups which involve 
either a) maintenance of the status quo, assuming 
it is not far removed from normal, or b) replace- 
ment of depleted body stores of water, electrolytes, 
or colloids, or c) removal of constituents present 
in excess. Judicious prescription or interdiction 
of extracellular and cellular ions and water, based 
on a knowledge of external and internal exchanges, 
will often suffice in the first two categories (1-8). 
On the other hand even marked restriction of in- 
take may not lower, for example, body sodium or 
potassium in the third group. In these instances 
limitation of intake will be effective only if nega- 
tive external balances of sufficient magnitude are 
achieved by losses of these ions in urine, sweat, 
gastrointestinal secretions, or stools (9-13). In 
many clinical situations this can be accomplished 
with relative ease. Thus edema of varied etiology 
can be controlled or actually cleared through so- 
dium and water diuresis during salt restriction 
(14-17). In other instances of congestive failure, 
cirrhosis, or renal disease with or without signifi- 
cant hypoalbuminemia this regimen proves inef- 
fective, even when sodium ingestion has been 
reduced essentially to zero and even though simul- 
taneous diuretic measures may be employed (18- 
20). Similarly in renal disease, as in anuria, the 
kidney can no longer jettison excesses of ions such 
as potassium, sodium, or chloride (21-23). 

Under such circumstances only a limited num- 
ber of therapeutic procedures have been available 
prior to the introduction of cation exchange resins, 
all relatively complicated. The various dialyzers 
which can be used to remove electrolytes from 
blood require complex apparatus and constant at- 
tention (24-28). Also untoward reactions re- 
lated either to cellophane or to inadequacies of 
the dialyzing fluid are not uncommon. The latter 


limitation is likewise present in the alternatives of 
intestinal or peritoneal lavage together with the 
additional disadvantage of relative inefficiency and, 
in the second of these two, the risk of uncontrollable 
infection (12, 29-32). Finally, the growing body 
of evidence that sodium restriction may be bene- 
ficial in certain vascular diseases (33) will extend 
to a wider segment of the population the burden of 
the unpalatability of the truly salt-free diet. 

Preliminary studies with cation exchange resins 
indicate that these substances offer a new approach 
to the control and correction of excessive retention 
of cations in body fluids (13, 34-37). They can 
interfere with the absorption of sodium, potassium, 
and probably calcium and magnesium from the 
gastrointestinal tract. Furthermore, they may also 
remove endogenous stores of some of these ions 
since under ordinary physiological circumstances 
relatively huge amounts of these body electrolytes 
are secreted into the gastrointestinal tract and 
subsequently reabsorbed (3). Once attached to 
the resin they may be excreted via stools, produc- 
ing desired, or at times undesirable, negative bal- 
ances. In the latter instance the problem is simple 
since, as indicated earlier, replacement of body 
constituents is possible. 

One additional point should be made in view 
of the findings to be presented in subsequent papers 
of this study : the removal of positive ions by resins 
must inevitably be accompanied by a release of 
some other cation in equivalent amounts. It is 
obvious that if these particles are in turn absorbed 
they may of themselves produce distinct effects. 
The experimental findings to be presented in this 
series of studies substantiate this. 

An understanding of the properties of the syn- 
thetic cation exchange resins in general and of the 
carboxylic type in particular will help in the in- 
terpretation and explanation of many of the bio- 
chemical effects which we have noted in our ex- 
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Fic. 1. 


A schematic representation of a segment of a car- 
boxylic cation exchange resin in the hydrogen form or 
cycle. One of its hydrogen ions has been replaced by 
sodium after exposure to a sodium chloride solution. Ex- 
changer — COOH + NaCl &____, Exchanger-COONA 
+HCL. The CH, groups unite the benzene rings of 
the polymer in chains and cross linkages which limit the 
swelling of the resin in aqueous or organic solvents. The 
degree of this swelling is governed by their frequency 
in the molecular unit. 
perimental subjects. These agents are polymers 
of aromatic hydrocarbons such as phenolsulfonic 
acid or benzoic acid linked and cross linked by 
short, stable, and virtually indestructible carbon 
chains contributed by the condensing agent, usually 
formaldehyde (38-40) (Fig. 1). Chemical groups 
available for the cation exchange process, such as 
the sulfonic (— SO,H), carboxylic (— COOH), 
or phenolic (— OH), are attached to the benzene 
ring. In aqueous and other solutions these resins 
take in water or the particular organic solvent in 
which they may be suspended and increase in 
bulk. In this state they can properly be spoken 
of as gels. The swelling is attributable to the 
fact that the hydrogen ion or any other cation as- 
sociated with the acid radical ionizes and exerts 
an osmotic pressure. The exchange resin when 
wet therefore has many of the properties of an 
acid or of a concentrated salt solution. In the 
transformation from the dry to the wet state water 
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or other solvents penetrate the surface and enter 
the interstices of the resin structure until the os- 
motic pressure of the fluid inside the resin par- 
ticle, together with the resistance exerted by the 
linkages and cross linkages, exactly equals the os- 
motic pressure on the outside (41, 42). Insofar 
as the distribution of electrolytes is concerned, 
equilibria are attained which are quite in keeping 
with the Gibbs-Donnan effect, at least in the more 
concentrated solutions. Hence anions common to 
both the gel and the circumambient solution will 
always be present in lower concentration in the 
resin, whereas the reverse will be true of the as- 
sociated cations. It is obvious therefore that the 
exchange processes cannot be explained by simple 
adsorption, 

The property which permits the exchange of one 
cation attached to a resin for another in its en- 
vironment is fundamentally based upon the fact 
that resins have different degrees of affinity for 
the different cations. Thus the same exchanger 
under the same physical conditions exposed to a 
dilute solution containing identical concentrations 
of magnesium, calcium, and sodium will prefer- 


entially bind larger amounts of magnesium than 


of calcium, and more calcium than sodium. The 
characteristics of the cations themselves which are 
known to show a positive correlation with the 
affinity of the exchanger for a particular cation in- 
clude valence, atomic weight, and the radius of the 
unhydrated ion. These orders of preference recur 
irrespective of the attending anions, with the 
proviso that they not be of the type which form 
complex salts (38-42). The hierarchy of affinities 
evident in dilute solutions is readily upset, however, 
by increases in the concentration of one of the 
competing cations, by alterations in the pH of the 
solution, by replacement of water with other sol- 
vents, and, finally, by increased swelling of the 
resin (43). 

The carboxylic cation exchangers employed in 
our studies in general share with the sulfonic and 
phenolic resins all of the above-described features. 
In their acid properties, however, the carboxylic 
resins differ from the other two types of resin, oc- 
cupying an intermediate position. Thus with pH 
values greater than 3.5, replacement of the car- 
boxylic group hydrogen by other cations occurs 
to a progressively greater extent and ultimately 
reaches a maximum. The sulfonic resins on the 
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other hand are strongly acidic and can function 
maximally at any pH value; the phenolic ex- 
changers are weakly acidic, ionize only to a slight 
degree and remain relatively inert until pH values 
high in the alkaline range are attained. It is ob- 
vious that of these three groups of agents the pH 
range over which the carboxylic resin functions 
as an exchanger and its relatively weak acidic 
properties which can be readily buffered in body 
fluids render it most suitable for biological adminis- 
tration. Further theoretical advantages of the car- 
boxylic resins over the sulfonic acid derivatives in- 
clude the fact that the latter have a lower ex- 
change capacity and that they may produce abrupt 
changes in local and systemic acid-base balances 
(38-44). 

As the lower pH ranges are approached the 
greater affinity of the carboxylic cation exchangers 
for the hydrogen ion becomes more and more 
manifest and other cations are progressively dis- 
placed until at pH values of 3.5 or less the ex- 
changer reverts entirely to the hydrogen form. It 
is probable that irrespective of the form or cycle in 
which the resin is given, it is converted in the 
stomach to the hydrogen form. Therefore, the 
net effect of giving the sodium derivative of the 
resin is that of administering a cation with an un- 
absorbable anion. 

The studies to be presented reveal a relatively 
low in vivo capacity of this particular resin for 
sodium and potassium compared to those demon- 
strable at similar pH values in vitro. This should 
not be surprising since it is obvious that other ca- 
tions, particularly calcium, magnesium, iron, and 
organic cations, can preferentially assume positions 
in the resin. Furthermore, interference of or- 
ganic substances such as lipids, steroids, and pro- 
teins with the exchange process has not been 
defined. 

The arrangement and sequence of this and of 
the papers which follow arose from a combination 
of necessity and predetermined plan. The studies 
in animals using large per kilogram dosage pre- 
ceded the administration of these agents to hu- 
man subjects. The second paper, therefore, de- 
scribes serum, urine, stool and balance findings 
during the administration to dogs of a carboxylic 
cation exchanger in one of two cycles or forms 
(45). Human studies in which resins were in- 
gested in a variety of cycles make up the third 
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paper (46). In these investigations sodium usu- 
ally was not markedly restricted; control stool 
data were obtained from a large group of subjects 
maintained on either whole milk, a diabetic diet, 
a regular diet or a so-called “salt-free” regular diet. 
These data are presented in the tables and figures 
of the papers which follow; when necessary, they 
have been supplemented by acceptable control ma- 
terial. In the fourth paper, attributes of the indi- 
vidual cycles of the resin evident in the preceding 
paper have been measured during the simultaneous 
administration of two or more of the polymers in 
varying proportions, and employed in attempts to 
cancel certain toxic effects of ACTH and cortisone 
(47). The results have been evaluated against the 
control background described in the preceding 
paper. The possible influences of the steroids and 
of the trophic hormone or hormones of the adrenal 
on stool composition have been defined elsewhere 
(48). The fifth unit reports the events which 
occur in nephrotic children to whom an acidifying 
exchanger is administered during the course 
of essentially complete sodium restriction (49). In 
the sixth and final paper attempts are made to sum- 
marize and interconnect the findings of all the 
studies, to list logical sequellar investigations, and 
to predict the probable clinical utilities of the resins 
(50). 

A word about the cooperative character of these 
studies is in order. Examination of the tabulated 
material in the papers which follow will reveal 
that the bulk of the work embodied in this collec- 
tion is based on a substantial number of balance 
periods in dogs and in patients. These data were 
gathered in a period of 16 months, and their col- 
lection and completion would have been quite im- 
possible without the active and time-consuming 
cooperation of many others besides the individuals 
appearing as co-authors. The people and organiza- 
tions who have generously given time, effort, and 
frequently funds to support this investigation are 
listed in the following section. A special mention 
should be made, however, of the contribution of 
the patients themselves who not only cooperated, 
but often participated actively in assisting us to as- 
sure complete and accurate collections. 
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Reports describing trials of exchange resins in 
removing cations from the gastrointestinal tract 
of experimenta: animals have been limited to tox- 
icity studies and to measurements of the relative 
magnitudes of the oral intake and the stool output 
(1-3). In the experiments presented in this paper 
changes in serum, urine, and stool components, as 
well as the external and internal balances of certain 
electrolytes and of nitrogen have' been determined 
in dogs receiving a carboxylic cation exchange 
resin in one of two forms. The chemical and physi- 
cal characteristics of these agents have been de- 
scribed in detail in the introductory paper (4). 


MATERIALS AND METHODS 


Mongrel female dogs, maintained on a commercial feed 
(“Friskies”) 1 and allowed free access~to water, received 
a carboxylic cation exchange resin in the hydrogen or 
the sodium form for periods of seven to 11 days. In some 
instances beef extract or milk and sugar were used to en- 
hance palatability, but many animals nonetheless lost 
weight partly or entirely as a consequence of anorexia in- 
duced by the regimens employed. Since this occurred to 
an equal degree when control and recovery periods of 
comparable length were alternated with resin periods it 
represented a common denominator in our experiments. 
The beginning and the end in each interval of the study 
were marked by catheterization of the urinary bladder, 
measurement of body weight and withdrawal of venous 
blood for analysis of blood nonprotein nitrogen (NPN) 
and sugar, and of serum carbon dioxide content, chioride, 
sodium, potassium, calcium, phosphorus and water, using 
previously described methods (5-7). The pH of anaerobic 
samples of serum was determined by means of the glass 
electrode. Food and resin intake, stool and urine output 
as well as any vomitus or rejected food were collected, 
measured, and analyzed separately for nitrogen, sodium, 
potassium and chloride content (8-10). Stools were re- 
moved from the cage and weighed immediately. Proce- 
dures for partitioning the external balances into extra- 
cellular and cellular components have been described only 
in part in previous publications (11-17) and are there- 
fore appended in detailed form. 


1 Content per 100 g.: Na, 17.6 meq.; K, 10.2 meq.; Cl, 
16.2 meq.; and N, 3.42 g. 


With but minor exceptions all findings have been sub- 
jected to conventional statistical analyses (18). In the 
case of the body weight and the serum constituents val- 
ues observed at the end of each control, experimental, 
or recovery interval were subtracted from those present 
at the start of the particular period under scrutiny and 
expressed as increments or decrements (+ A). After the 
means of these changes had been calculated (values 
greater than 2 S. D. were discarded) the resin and post 
resin values were compared with those of the control pe- 
riods. Changes were considered significantly different 
statistically when “p” for the “t” test was 0.05 or less. 
Urinary and stool output and the balance data were ana- 
lyzed in terms of per diem values. The constituents of 
the stools have in addition been expressed in relation to 
stool mass as well as in terms of stool nitrogen. The data 
are presented in three tables; the statistical evaluation 
has been summarized in Table IV and in Figures 1 
through 3. 


RESULTS 


I. Experiments with the carboxylic cation ex- 
changer in the hydrogen cycle 


A. Serum constituents: Table I and Figure 1 
reveal that the administration of the hydrogen cycle 
resin produced a decrease in the serum sodium, 
carbon dioxide content or bicarbonate, and water 
concentrations, while the levels of chloride in- 
creased. The decrement of water was too small in 
magnitude, however, to account for the change in 
chloride. In some instances the change in carbon 
dioxide was accompanied by a fall in pH. All of 
these alterations disappeared following withdrawal 
of the resin. The mean decrease in serum potas- 
sium during resin therapy and the subsequent 
changes during recovery were not significant. 

B. Losses in stool: Ingestion of the cation ex- 
changer in the hydrogen cycle was accompanied 
by increases in the excretion of sodium and potas- 
sium in feces without alteration in the losses of 
ehloride and nitrogen (Table II and Figure 2). 
These observations. together with the failure to 
demonstrate any statistically significant increase in 
stool weight during resin ingestion even though 
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TABLE I 


Body weight and analyses of blood and serum in dogs receiving an exchange resin in the H or the Na cycle 
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the mean values did increase, indicate that the 
changes described above were not related to in- 
creased stool mass. Following withdrawal of the 
resin, the excretion of sodium and potassium re- 
turned to levels characteristic of the control periods. 

C. Losses in urine: The average daily urine vol- 
umes rose during hydrogen cycle resin treatment 
without loss of body weight (Table II), pointing 
to increased exchanges of water. From the data 
available it is not possible to decide whether this 
change in urine volume was a manifestation or a 
cause of a greater intake of water. Concomitantly 


A HCQ, 


CONTROL 


Aci 
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it was noted that the mean levels of sodium and of 
potassium in urine decreased on resin therapy, to- 
gether with a diminution in the total daily excre- 
tion of these electrolytes (Figure 2). The first 
of these changes can be ascribed, at least in part, 
to the increased urine volumes, but the second sug- 
gests a diminished excretion of sodium and potas- 
sium in urine reciprocal to the increased losses of 
these electrolytes in stools described earlier. This 
possibility is supported by the observation that 
the resin did not alter the output of chloride and ni- 
trogen in stools and that the urinary chloride and 
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ALTERATIONS IN SERUM CONSTITUENTS 


Mean changes in serum constituents between the onset and the end of the indicated experi- 


mental periods are depicted in terms of milli-equivalents per liter. 


Asterisks identify statisti- 


cally significant differences (“p” values of 0.05 or less) upon comparison with the changes in 
the control periods. The statistical summary (Table IV) contains the actual values employed 
in setting up Figures 1, 2, and 3 of this paper. During H resin ingestion the serum bicarbonate 
decreased with a subsequent return to control levels during the post resin period. Similarly, the 
hyperchloremia present at the end of H resin therapy disappeared in the recovery interval. Rela- 
tive hyponatremia which appeared in the H resin period persisted into the post resin interval. 
The sodium form of the exchanger lowered serum chloride. Serum potassium remained rela- 
tively constant throughout all studies. Though not presented abeve, the same was true of se- 
rum calcium, phosphorus and protein while the mean serum water increased by 0.006 g./l. 








CARBOXYLIC CATION EXCHANGE RESIN EFFECTS IN DOGS 


TABLE II 


Intake data and urine and stool output in dogs receiving an exchange resin in the H or the Na cycle 
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nitrogen merely decreased in concentration but not 
in the total amount lost per unit of time. In the 
periods following resin the volume and composition 
of urine returned to values indistinguishable from 
controls. 

D. Balance data: Subtraction of the electrolytes 
and nitrogen lost in stools, urine and occasionally 


in vomitus from the respective intake of these con- 
stituents in food revealed that during the adminis- 
tration of the hydrogen cycle resin the losses of 
potassium from the body were increased without 
any statistically significant change in the balances 
of chloride, sodium or nitrogen (Table III and 
Figure 3). The negative values characteristic of 
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Fic. 2, Dairy Excretions oF ELECTROLYTES AND OF 
NITROGEN IN URINE AND IN STOOLS—PRESENTED AS MEAN 
VALUES 

Columns with horizontal waves depict daily urinary ex- 
cretion of the constituent. The smaller columns below 
the horizontal lines are based on stool data. Black col- 
umns refer to per day values, open columns indicate ex- 
cretion per 100 g. of stool and the crosshatching identifies 
the electrolyte: nitrogen ratio. The small circles indicate 
that the change in the mean from the control is statisti- 
cally significant. 

Ingestion of the H form of the resin increased the stool 
excretion of potassium and of sodium above control val- 
ues. This was accompanied by decreased urinary output 
of these electrolytes. The sodium form of the resin also 
raised the stool potassium and sodium. Urinary potas- 
sium in these experiments, however, did not decrease be- 
low control values; urinary sodium on the other hand 
rose markedly. The changes in stool chloride were pres- 
ent only irregularly and were of small magnitude, and no 
significant alterations occurred in urine chloride. Nitro- 
gen excretion was not altered. 


the control periods reflect the anorexia and weight 
loss cited earlier. 

Partitioning of the balances into extracellular 
and cellular phases reveals that the observed nega- 
tive values for potassium represent losses of this 


electrolyte from cells. Further, corrections for 
the anabolism or catabolism of protein indicate 
that these negative balances represent losses of cell 
potassium with, as well as in excess of, nitrogen. 
The mean change in extracellular sodium was of 
insufficient magnitude to result in an increased 
negative external balance. They do indicate, how- 
ever, that under the aforementioned experimental 
conditions, the hydrogen form resin can remove 
sodium from the chloride space as well as lower 
the serum sodium levels. 


II, Experiments with the carboxylic cation ex- 
changer in the sodium cycle 


A. Serum constituents: In contrast to the hydro- 
gen form of the resin, the exchanger charged with 
sodium did not produce acidosis, hyperchloremia 
nor hyponatremia (Table I and Figure 1). A 
mean decrement of — 3.6 meq./l. did occur in the 
serum chloride concentration. 

B. Losses in stool: The effects of the sodium 
cycle resin on stool constituents were qualitatively 
similar to those observed during hydrogen resin 
therapy (Figure 2). As might be expected from 
the greater intake of sodium in using the exchanger 
in the sodium cycle, this cation appeared in much 
greater amounts in the stool. At the same time 
there occurred an approximately two-fold increase 
in the amount of potassium excreted each day in 
contrast to the three-fold rise observed in the hy- 
drogen resin studies. Stool mass, stool chloride 
and stool nitrogen did not vary significantly from 
the control values. 

C. Losses in urine: Ingestion of the carboxylic 
cation exchanger in the sodium cycle was associ- 
ated with increases in urine volume (Table II) and 
decreases in urine potassium and nitrogen con- 
centration quite comparable to those recorded in 
the hydrogen resin experiments (Figure 2). On 
the other hand, in contrast to the results in the first 


group of studies, the animals receiving the sodium 
cycle resin showed an increase in the daily urinary 
sodium output. These reflected of course absorp- 


tion and subsequent urinary excretion of sodium 
released from the sodium form of the resin. Fi- 
nally, it should be pointed out that the doubled out- 
put of potassium via the gastrointestinal tract was 
not accompanied by a compensatory fall in the uri- 
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TABLE Ill 


External, extracellular, and cell balances in dogs receiving an exchange resin in the H or the Na cycle 
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* Corrected for balance of NPN : 2 
** In excess of anabolism and catabolism of protein 
External balances have been corrected for losses in 


nary losses of this electrolyte. This differs of 
course from the hydrogen cycle resin studies in 
which reciprocal relationships could be postulated 
following a greater, i.e., a three-fold rise in the 
amounts of potassium lost in stools. 


vomitus 


D. Balance data: A significant proportion. of the 
sodium rei. ased from the carboxylic cation ex- 
changer and then absorbed was retained within 
the body despite the increases in urinary output 
described above. The data in Table III and Fig- 
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ure 3 indicate that this was associated, in contrast 
to the findings in the hydrogen resin studies, with 
an expansion of the chloride space. 


DISCUSSION 


Hydrogen resin therapy in dogs lowered serum 
sodium levels and raised the concentrations of se- 
rum chloride. The latter change is reminiscent of 
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(19, 20). The hyperchloremia was presumably 
initiated by the absorption of hydrogen ions set 
free from the resin with subsequent excretion in 
urine with anions other than chloride. The de- 
crease in serum bicarbonate in these studies as a 
group represents, therefore, a metabolic acidosis 
and is attributable in a varying degree to a com- 
bination of hyperchloremia and a slight fall in fixed 


a similar response induced by acidifying diuretics base. The lowered pH values support this view 


TOTAL 
Na K N 


EXTRACELLULAR CELLULAR 


H,0 Na K Na K N 


CONTROL 








Na RESIN 





Fic. 3. AverAGE Dairy BALANCES 


The columns represent mean daily total (external), extracellular, and intracellular balances 
of chloride, sodium, and potassium in milli-equivalents and of nitrogen in grams during the indi- 
cated therapy. To observe the resin effects compare the balances during their administration 
to those during the control period. Asterisks denote mean values significantly different statisti- 
cally from those characteristic of the control studies. Significant changes during H resin in- 
gestion consisted of an approximately three-fold increase in the negative total balance of potas- 
sium. This cation was lost from the intracellular space both with and in excess of nitrogen since 
the cellular potassium represented has been corrected for the metabolism of protein. Sodium and 
water were lost from the extracellular or chloride space in the proportions in which they are 
usually present in this compartment. Balances during the post H resin period were similar to 
the control interval. The negative balances during both regimens reflect the inadequate dietary 
intake of the animals. Comparable diets were eaten, however, during all periods. In the Na 
resin studies exogenous sodium was retained in the expanded extracellular space and potassium 
increased slightly in this same compartment. 
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TABLE IV 
Statistical evaluation of resin data 
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No.—Number of replicates 





squared sum of deviations from mean 





Ss. D.— Deviation— 
Standard Deviation V Noi 


>—Deviation above control mean is statistically significant (p for t-test is <0.05) 
<—Deviation below control mean is statistically significant (p for t-test is <0.05) 
*K—K exchanges in excess of the anabolism or catabolism of N 


as does the failure to observe comparable changes 
following ingestion of the sodium form of the 
resin. 

It seems clear that the action of cation exchange 
resins in the hydrogen cycle is analogous to the ef- 
fects of administration of ammonium chloride (19, 
20), and similar acidifying substances, with respect 
to production of metabolic acidosis and water diu- 
resis. In the case of the resin, however, the renal 


excretion of sodium and potassium was not ac- 
celerated in contrast to the striking augmentation 
of their urinary outputs by so-called acidifying 
diuretics (19, 20). This failure of augmented ex- 
cretion of sodium and potassium may be a reflec- 
tion of increased stool output of these ions. Fur- 
thermore urinary excretion of potassium and so- 
dium although reduced by the resin might have 
been even lower if acidosis had not occurred. 
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Nevertheless data of the present study constitute 
evidence against the hypothesis that the water diu- 
resis produced by acidifying substances is neces- 
sarily related to augmented renal excretion of so- 
dium or potassium. 

Despite the unequivocal character of the two-fold 
or greater rise in stool sodium during hydrogen 
resin therapy, and the statistically significant de- 
creases in serum as well as extracellular sodium, 
the external balances of this electrolyte were not 
altered. This is in great measure and perhaps en- 
tirely attributable to the profound reduction in uri- 
nary sodium. This adjustment occurring regu- 
larly would obviously make it difficult if not impos- 
sible to produce salt depletion. It also suggests 
that even with the comparatively large doses used 
in these studies the resin seldom removes endoge- 
nous sodium in amounts sufficient to produce nega- 
tive external balances of this cation. It should be 
pointed out, however, that in the diets employed 
in this study large amounts of sodium were in- 
gested. No data are available to indicate whether 
or not depletion of endogenous sodium could be 
achieved by using the hydrogen form resin during 
regimens sharply restricted in sodium. 

Similarly, as in the case of the sodium ion, the 
daily urinary losses of potassium declined as stool 
excretion of this cation rose several fold during 
hydrogen resin therapy. It should be emphasized, 
however, that in absolute terms more potassium 
than sodium was lost in stools during hydrogen 
resin ingestion. Since the diets employed and the 
gastrointestinal secretions contained preponder- 


antly greater amounts of sodium than of potassium, 


it is obvious that the larger losses of potassium 
reflect the recognized greater affinity of the car- 
boxyl cation exchangers for this element over so- 
dium. The large increase in stool potassium dur- 
ing resin therapy, together with a proportionately 
smaller decrease in the concomitant urinary losses 
of potassium, resulted in negative balances of body 
potassium. The losses represented decreases in 
cell potassium, since extracellular potassium did 
not change. The accompanying deficits of cell ni- 
trogen were of insufficient magnitude to account 
for all of the potassium lost from cells. It is clear, 
therefore, that potassium was lost in these experi- 
ments both with and in excess of the catabolism of 
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cell protein. This was not accompanied, presum- 
ably because the experimental periods were short, 
by any of the usual clinical indices of potassium 
depletion. 

It has been previously noted in studies from 
this and other laboratories that such negative bal- 
ances of potassium may be associated with an ap- 
parent entry of sodium into the cell (12, 14, 15). 
The mean daily change in cell sodium, however, 
cannot be established as statistically different from 
the control values. It has already been pointed 
out earlier that in our studies with the hydrogen 
form of the resin cell potassium deficits developed 
during a metabolic acidosis, a state which may re- 
sult in transfers of sodium out of cells (21-23). 
These stimuli toward divergent movements of this 
ion may therefore have cancelled one another. 

Finally it is evident that although administer- 
ing the resin in the sodium cycle does raise stool 
potassium without concomitant acidosis, these in- 
crements are of lesser magnitude than those pro- 
duced by the hydrogen resin and are not accom- 
panied by decreases in serum potassium concen- 
tration, nor in the mean daily urinary potassium 
excretion. Potassium balances remain unaffected. 
It should be reiterated that use of this particular 
form of the exchanger results in considerable ab- 
sorption and retention of the released: sodium. 
This latter development results in positive balances 
of the electrolyte and expansion of the volume 
of the extracellular fluid as measured by the chlo- 
ride space. 


SUMMARY AND CONCLUSIONS 


1. Administration of a hydrogen cycle carboxy- 
lic cation exchange resin to dogs, 30 to 60 g./day 
for seven to 11 days, produced a statistically sig- 
nificant decrease in serum sodium, a rise in serum 
chloride and a metabolic acidosis characterized by 
a fall in serum carbon dioxide content and pH. 

2. During therapy with this resin, increased 
amounts of sodium and of potassium were lost in 
stools without alteration in stool chloride or ni- 
trogen excretion. 

3. With hydrogen resin ingestion urine volumes 
rose with a decrease in urinary concentrations of 
sodium, potassium, chloride and nitrogen; the 
daily output of sodium and of potassium fell si- 
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multaneously with the increased losses in stools. 

4. Hydrogen cycle resin administration lowered 
the total amount of sodium in the chloride space 
without producing any statistically detectable 
change in the external balances of this cation. 

5. Negative external and cell balances of potas- 
sium increased significantly during hydrogen resin 
therapy. These were related in part to the par- 
ticular affinity of the resin for potassium and in 
part to a less than completely compensatory de- 
crease in the urinary excretion of this element. 

6. Administration of the same carboxylic cation 


exchanger in the sodium rather than the hydrogen | 


form resulted in an extracellular retention of some 
of the released sodium despite increased losses of 
this ion in stools and in urine. 

7. During sodium cycle resin therapy a statisti- 
cally significant increase in the stool losses of po- 
tassium occurred, smaller in magnitude, however, 
than that observed with the hydrogen cycle ex- 
changer and unaccompanied by any detectable 
change in the daily urinary output or in the daily 
balance of potassium. 

8. In contrast to the hydrogen form of the ex- 


changer administration of the sodium charged 
resin did not result in an acidosis but did produce 
a decrease rather than an increase in serum chlo- 
ride, possibly as a manifestation of the increased 
urinary sodium losses. 
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ADDENDUM 
The data were calculated in the following manner: 


. External Balance: b = I —O where b = external 
balance; I = intake; and O = total output including 
the amounts of the substance in urine, stool, vomitus 
and in the serum contained in the blood withdrawn. 

. In order to apportion the external balance between 
cells and extracellular fluid, the amount in the extra- 
cellular fluid was calculated and then subtracted from 
the external balance. 


A. Conversion of serum values of electrolytes into con- 
centrations in extracellular water employing correc- 
tions for Donnan effect and for water content of 


serum. 
(C1. 
(0.95)[H:0 ]. 
[Na]. X (0.95) 
(H:0}. 
[K}. X (0.95) 
~—~TH:O }. 


= (Cljecw 


= [Na ]Jecw 


_ fitlees 


where [ ], = serum concentration in meq./|. 
0.95 = correction for Donnan effect 
[H.0], = water concentration of serum in Kg./I. 


. Calculation of extracellular water changes were 
based on the chloride space, assuming that chloride 
was confined to this compartment, and that the 
initial extracellular fluid made up 20% of the body 
weight in a normally hydrated subject. 


CCljecw: X (ECW): + bCl = [ClJecw, X (ECW), 


Rearranging: 


(Cllecw: X (ECW); + bCl 
[Cl Jecws 


where [Cl ecw, = chloride concentration in meq. /I. 
in extracellular fluid at start of 
period 


[ClJecws = chloride concentration in meq./I. 
in extracellular fluid at end of 
period 

(ECW); = assumed extracellular volume at 
start obtained by multiplying 
body weight in kilograms by 0.20 


(ECW): = unknown extracellular volume 
at end 


(ECW): = 





bCl = external balance of Cl in the 
period 


C. Changes in extracellular Na and, K represent the 
difference between final and initial amounts of 
these substances in this compartment. 
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[Na ]Jecw: X (ECW): — [Na ]ecw, X (ECW): 
= A Nagcw 


(K]ecws X (ECW): — [K]eow: X (ECW): 
= A Kgow 


where [ Jecws = concentration in meq./l. in ex- 
tracellular fluid 


(ECW); = initial extracellular fluid 
(ECW): = final extracellular fluid 


4 ECW = balance of the substance in ex- 
tracellular fluid 


. Cellular balances indicate the difference between 


the external and the extracellular balance. 
b Na — A Nagew = A Narcw 
b K — A Kgrow = A Kiow 
where b = external balance 
Arcw = extracellular balance 
Atcw = intracellular balance 


. Determination of the intracellular balance of po- 


tassium which is in excess of the amount associated 
with nitrogen requires correction of this balance 
for the amount associated with nitrogen metab- 
olism. Since 2.38 meq. of K are associated with 
each gram of intracellular nitrogen this is simply 
calculated. Nitrogen balances, however, must 
corrected for NPN changes since these obviously 
alter the observed external balance. For example 
assuming that the NPN is distributed throughout 
total body water, and the body water comprises 
65% of the body weight the ieiowias formulae 
are applicable: 


(Body wegt.)(0.65) X ANPN X 10 
1000 
bN —bNPN = b/N 
where A NPN = change in NPN in mgm. % (with 
sign) 
b NPN = change in N balance associated 
with change in NPN 
b N = external balance of N 
b’N = balance of N corrected for NPN 
change 


The importance of this correction is illustrated: if 
we have a 60 Kg. subject whose NPN changes from 
40 mgm. % to 30 mgm. %, the correction will be 
as large as —3.9 g. of N. If the NPN in this 
person went from 30 to 50, then the b NPN would 
equal +7.8g.N. This will, of course, significantly 
alter the external balance of N. 


In order to determine the intracellular K balance 
which does not represent K moving with protein 
metabolism the following calculations must be 


performed: 
(b’N) X (2.38) = Kw 
where Kx = K associated with protein metabolism 
A Kicw — Kn = A K'tcw 


where A K’iow = change in intracellular K in ex- 
cess of the K associated with 
metabolism 


The amounts of Na associated with N metabolism 
are so small that this correction may be omitted. 





= b NPN 
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Preceding studies from this laboratory have de- 
fined certain changes in body fluids in dogs (1) 
and, in preliminary form, in human subjects (2, 3) 
accompanying the ingestion of carboxylic cation 
exchangers in the hydrogen cycle. In general, hy- 
perchloremia appeared in both groups, the serum 
bicarbonate was lowered, and the stocl output of 
sodium and potassium increased whereas chloride 
and nitrogen excretion did not change. In this 
paper further studies of the resins in various forms 
in human subjects are reported as a basis for a 
more adequate understanding of factors contribut- 
ing to or limiting the clinical utility of these com- 
pounds. 


MATERIALS AND METHODS 


Carboxylic cation exchangers in the hydrogen, am- 
monium, potassium, sodium, or calcium form have been 
tested in children and adults with a variety of diseases. 
Selection of the patients was based primarily on willing- 
ness and ability to cooperate in the study. Edema was 
present in some. The experimental procedures, analytical 
techniques, and statistical treatment have been detailed 
in the animal studies mentioned earlier (1). The patients 
were usually but not invariably maintained on a milk 
formula or on a diet not rigidly restricted as to sodium 
content. Again it should be emphasized that all stools 
included in the study were formed. 


RESULTS 


A. Effects of hydrogen or ammonium cycle resin 
ingestion 


From Tables I and II and the summary of mean 
changes in Figure 1, it is evident that the altera- 
tions in serum constituents accompanying compar- 
able average daily intakes of these two agents, 39.7 
and 38.3 g. respectively, are essentially indistin- 
guishable. Hyperchloremia, and lowered serum 
bicarbonate and potassium values developed in 


, both groups of subjects without a statistically sig- 
‘nificant change in serum sodium. Other meas- 


ured constituents of serum or blood were not af- 
fected. The mean output of sodium and of potas- 
sium per day, per unit of stool mass, and per gram 
of stool nitrogen (Tables III, IV, and Figure 2) 
rose without alteration in the excretion of chloride 
or nitrogen via this route. 

Ingestion of the hydrogen form resin was ac- 
companied by an increase in the average daily 
urine volumes without statistically significant vari- 
ation in the total daily output of the various urinary 
constituents (Table V). In general the external 
balances of chloride and of sodium (Table VI) re- 
mained positive during resin therapy except in 
those periods in patients WK, CSc, and GDe, when 
edema was being delivered and in VG when the 
body weight was decreasing on a reducing diet. 
Usually simultaneous declines were recorded in 
both the chloride space and the extracellular sodium 
of these subjects. Cell nitrogen balances remained 
positive during resin therapy save for the obese 
patient, VG, who was on a limited caloric intake. 
With but few exceptions losses of potassium from 
cells coincided with and were induced by hydrogen 
form resin therapy. The most striking losses oc- 
curred in CSc. In the experiments with the am- 
monium form of the resin it is to be noted that cell 
potassium balances remained positive during resin 
therapy (Table VII). Since the stool excretion 
of this element had increased significantly it is ob- 
vious that the intake of this electrolyte had been 
more than adequate to prevent negative balances. 

It is to be noted in addition that in patient SB 
who received cortisone as well as the ammonium 
form of the resin a decrease in serum carbon diox- 
ide content and abnormally low serum potassium 
concentrations occurred (Table II) together with 
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marked increases in stool sodium and potassium 
excretion (Table IV and Figure 2). 


B. Changes during sodium or potassium cycle 
resin administration 
Neither of these resins produced any statistically 
significant changes in the mean values for carbon 
dioxide content, chloride, sodium, potassium, cal- 
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phorus rose slightly when the potassium form of 
the resin was ingested (Figure 1, Tables VIII and 
IX). On the other hand in subjects CSt and CSc 
(Table IX) the serum potassium rose to hyper- 
kaliemic levels, 6.1 meq./l., during therapy with 
the cation exchanger in the potassium form. In 
addition in CSc the extracellular potassium in- 
creased. Comparable data are not available for the 


cium or water, although serum inorganic phos- other patient. 


TABLE I 


Body weight and analyses of blood and serum in subjects réceiving the cation exchanger in the H cycle 





Subject Time Therapy Blooa Serum 


(g./a.) 


Body Wgt. 





8,0 [Proteig 
/1.J 


i- 


Suger HCO, ci Ma x 
(age-Sex) | (Days) (k6-) | (ege) (meq./t+)} (meq. /2+) | (megs/2.) |(meq./2-) 





928 
930 
935 


136 


8 
ee 
DAA 


325 


ug 
288 
23% 


we 
126 
Diabetes 


w 
. 
Fav 
. 
wWrwn 


-uViviw 


FSSE5 bees 

~ROAD—lwe 
RVRNE 
roo re 
rrrnae 
Sc et 
io FO & 


'° 
. 
‘ 





R 


CAS 
9F 
Diabetes 


vervy 
ANon-~a 


. 
MVnNN 
wun 
.«< 
” 


8 
PIANO DO 


. 


~ 
hoe 8 8 

rw] 

ed 

. 

wre 

ie . 
mwonM fon 
le 





~ 
4 
. 
°o 
. 
@ 


uM 
wo io 
og we 
ee 

te 
an 
Oe 
ws 


. 
. 
« 


. 
. 
www i wal 
7 - 
. ‘ 


@DAAUARDS OY 
 - 
at 


rrw 

‘ 
POIs 
* rRROS 


. 


‘*' * SISA sn 
er rere ree le 
NOS RORY OY 


PSNSSERR 
KS 
‘ 


2 Co 
es 





‘ 
7 
J 


Jie 
15 ™ 
Diabetes 


mnAoom [aru 


° 
° 
0 

25 

35 
° 
° 
0 

25 

3 
0 
° 
0 
° 

% 

2 

32 
0 
° 
° 
0 

0 
ry 
ko 
ko 


SERRE 


. 
e 


rwrr 
ry 
oN oer 





ego 


SES 000 

mm ft 

Doren 

it 

LON r AO 

nad 
a 

. 4 

wa OM 





a 
57 ™ 
Cong. 
Fetlure 


SE 
@nO 
§ 


ROS 


° 
. 


° 
OWww &@ 


SATA 


. 
. 
, 


. 
nue 
Kr 


0 OBKEKK 0 
"9! o2ee2 
yur 
FNovw 
Frw kr rweer 
ee 
‘'oor!ter#nwo 
rr Ww Fwww 
: 


ns 
9 





BF 


Vnviu 
. 
NN OF 


AvVin 
ag 


A ROW oF’ SOROS 


an 
By 


FOREN ONM NEO FrOR eo 


OFAUNE EN HoOnwr rnd 


ooBRKooo 
*remme 
“ 
RSOSRRK 
“s 
trworovwlk 
~A AYN 
ee 
a 





. 
. 
. 

- 


So 


GDe 
3M 


ao 
: 
ronwv 


oG Faw 


Mephritis 


VINER 















































Oe aka CN ot oe 
le 


Kn 
Maabalalaa 


' g° soe 
eee sens 
po ww = wh od 
PIi@eoroys 
Oona on 
° 








EFFECTS OF VARIOUS RESIN FORMS 


TABLE Il 


Body weight and analyses of blood and serum in subjects receiving cation exchanger in the NH, cycle 
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* End of K resin period. 


+ Patient receiving cortisone throughout study, 100 mgm./day for 40 days. 


t End of K resin period. 


Ingestion of the sodium cycle resin increased the 
stool output of potassium and of sodium (Table 
X and Figure 2). Similarly, on an intake of the 
potassium cycle resin, stool potassium and, to a 
lesser extent, stool sodium increased (Table XI 
and Figure 2). In each group of experiments, 
some of the cation, either sodium or potassium, in- 
gested with the resin was released and entered the 
body fluids. Though daily urinary excretions of 


the particular cation under scrutiny were quite 
high, positive external balances were recorded 
(Tables XII and XIIi). In the case of the sodium 
resin, the absorbed cation, sodium, remained pri- 
marily in the extracellular phase (Subjects EB, 
JV, and VB). Potassium released from the resin 
on the other hand was retained in the body and 
entered the cellular phase in patient RC (Table 
XIII). Patients WG and CSc, however, excreted 
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this cation in both urine and stool and lost it from 
cells. 


C. Studies during calcium cycle resin 


Insofar as can be determined by inspection of 
Table XIV or statistical comparison of mean val- 
ues (Figure 2) this resin failed to influence either 
the stool output of chloride, or nitrogen but did 
raise to a slight extent the stool sodium in all cate- 


None H 
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gories and stool potassium in the per day and per 
gram of nitrogen groupings. It would appear, 
therefore, that attachment of this divalent cation 
to the carboxylic exchanger renders it less effective 
from the point of view of affecting stool excretion 
of sodium and potassium. Furthermore there is 
no evidence of any consistent and significant change 
in either the individual values or the means of 
most of the measured serum constituents, includ- 


NH Na K Ca 


4 














-5 


+2 ZERO ZERO 





Ca 0 
mg% = of 


+2 — ZERO 
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SEEN, ZERO 





P 0 
mg% ete | 
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SERUM ELECTROLYTE CONCENTRATIONS WitTH AND WitTHoUT RESIN THERAPY 


The blocks represent mean alterations in serum constituents between the onset and the end of each 
of the regimens indicated at the head of the individual columns. The chemical abbreviations stand 
for the form of resin ingested. Asterisks identify statistically significant differences from the changes 
in the control values (“p” for the “t” test equals 0.05 or less). Without resin therapy serum constitu- 
ents listed on the left varied but little. Treatment with H or NH, forms produced acidosis and hy- 
perchloremia and lowered serum potassium levels. Ingestion of the Na form did not produce any 
significant changes. Serum inorganic phosphorus rose during administration of the K cycle, and se- 
rum chloride fell when the Ca form was ingested. 








EFFECTS OF VARIOUS RESIN 


FORMS 


TABLE Ill 


Intake data and urine and stool output in subjects receiving the cation exchanger in the H cycle 
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ing calcium and phosphorus (Table XV and Fig- 
ure 1). The chloride concentration, however, fell 
approximately 2 meq./l. in all patients without 
other change. Balance data, however, were not 
consistently altered in VB or JF (Table XVI). 


D. Comparison of the efficiency of the various 
resin forms 
Mean stool excretion of sodium and potassium 
per gram of resin was determined during adminis- 
tration of the hydrogen, ammonium, potassium, 
sodium, and calcium forms of the cation exchanger 


in the experiments in which sodium was not 
rigidly withheld. The few studies in which the diet 
was almost completely free of sodium are included 
in the tables, but excluded from the means, to il- 
lustrate the decrease in efficiency of the hydrogen 
and ammonium forms under such circumstances. 
For simplicity the calculations are omitted, but the 
findings can be summarized briefly. 

The hydrogen, ammonium, and potassium forms 
of the resin removed equivalent amounts of sodium 
plus potassium in stools (1.5, 1.9, and 1.9 meq./g. 
respectively). Mean stool sodium averaged 0.4 to 
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TABLE IV 
Intake data and urine and stool output in subjects receiving cation exchanger in the NH, cycle 





Subj. | Time |Therapy Intake Urine Stool 





Fiuid | cl | N K N | vol. N K N 
(Days) | (e./4.) | “Cy” | (oneq.) | (meg.) | (mmea.) (i) (meg) (neg) 
0-6 40 Full diab. diet 17.60 1045 Be 10 
6-12 0 23.23 | 521 | 436 | 622 | .6| 12.15 343 5. 30 
12-18} 40 |20.14| 496 | 416 | 592 | 86.3] 8.60 26 t 45 
18-24 0 Full diab. diet 9.24 1862 5 44 
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* TN values in this patient include 37.4 and 45.3 g., respectively, of NPN. 


1.0 meq./g. for each of these forms. All of these “unchanged resin” or the temporary release of po- 
exchangers were more effective in this respect than _ tassium in the acid medium of the stomach and sub- 
the calcium cycle. With regard to potassium the sequent recovery of large amounts of the cation in 
hydrogen, ammonium and sodium forms proved _ the alkaline small intestine by the exchanger. The 
to be equally effective in augmenting the loss of same reasoning regarding sodium may be applied 
this electrolyte via the gastrointestinal tract. to the sodium form of the carboxylic resin. Each 
They were again superior to the calcium form. gram of the potassium and sodium forms of the 
More potassium was excreted in the stool during resin contained 3.8 meq. of their respective cations 
potassium cycle resin administration than during prior to administration. 

the ingestion of any other form of the exchanger. 
It does not seem likely that this represents in- 
creased removal of endogenous or dietary potas- Ambulatory patients or those without discom- 
sium, since the amounts of this cation recovered fort tolerated the above cation exchangers quite 
in the stools were less than that administered in well, whereas those with gastrointestinal symptoms 
the resin. The large amount of potassium found or general malaise experienced varying degrees 
in the stool would appear to be best explained by of difficulty in ingesting and retaining the larger 


E. Clinical concomitants of resin therapy 








EFFECTS OF VARIOUS RESIN FORMS 


dosage. In some, emesis was extensive enough to 
prevent administration of the exchangers; these 
subjects have been excluded from our studies. 
Seven of the studies with the hydrogen or am- 
monium forms of the resin were conducted in pa- 
tients with diabetes mellitus. Though the carbo- 
hydrate data have been omitted for purposes of 
brevity the results indicated that the development 
of acidosis as a result of resin ingestion was not 
accompanied by ketone bodies in the urine and 
did not exert any visibly deleterious effect on car- 
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TABLE V 


Statistical expression of urine data during H resin therapy 








Control and 


post resin* Retin 





Mean . |S. D. 


Mean 
Volume (ml.) |1026.1 531.2 | 1873.9 >t 
Cl (meg. /d.) . 54.3] 104.4 
Na (meq. /d.) i 63.2 67.9 
K (meq./d.) ; 23.1 35.8 
TN (¢./d.) ¥ 3.1 9.2 
































* Control and post resin periods combined after statis- 
tical demonstration that they were indistinguishable. 
t Significantly greater than controls 


Ca NH 
cortisone 





(meq) 9 


10 
(g) 0! 








Fic. 2. Stoor Data 
The columns represent stool excretion of Na, K, Cl, and N per day, per 100 g. of wet stool, and per 


1.0 g. of nitrogen during therapy indicated at the head of each group of columns. 


Again the chemi- 


cal abbreviations indicate the form of the resin ingested, and the asterisks stand for values signifi- 


cantly different from the control column entitled “none.” 
dicates the patient receiving the NH, form of the resin together with cortisone. 


The column headed “NH, cortisone” in- 
Stool excretion of 


sodium and of potassium increased to a variable degree irrespective of the particular form of the resin 
administered, or of cortisone therapy. Mean stool chloride and nitrogen values were not changed dur- 
ing the ingestion of any of the exchangers, but did increase slightly when cortisone was given during 


NH, form therapy in one patient. 
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TABLE VI 


External, extracellular, and cell balances in subjects receiving the cation exchanger in the H cycle 





Subject Therapy Ext. Bal. Extracell. Bal. Cell Bal. 
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* Value has been corrected for external balances of NPN 
** K represents transfers of K in excess of protein metabolism 





TABLE VII 


External, extracellular, and cell balances in subjects receiving the cation exchanger in the NH, cycle 


Subject Time Therapy Ext. Bal. Extracell. Bal. Cell Bal. 


va 
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* Value has been corrected for external balance of NPN 
** K represents transfers of K in excess of protein metabolism 
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TABLE VIII 


Body weight and analyses of blood and serum in subjects receiving the cation exchanger in the Na cycle 





Subject Tiwe Therapy Body Wet. Blood Serum 
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(Age-Sex) | (Days) (6-/4.) (kG) | (mage)| (meme) | (meq. /1-)| (meqs/2.) | (meq. /2-) | (meq. /1.) Ly (8-8) 





” 


140 
149 
Lids 
1k2 
138 
143 


139 
147 
142 


1T2 
273 


MUSESee KEYLESS 
: —. ¢ 
FR IF FOREN 1@DFO DO 
ss 
' 


an 


n 
B Rane 
B: 
oo Ww WO Aon Foo 
An 
- ie te 
wo on oo uw @ an 





Yvyv Myvevvuyy 
. . 
s 6 
. 
Nn in 
te 


142 
143 
139 
hy 


SS50000 EE ooo° 





88 BResse 


nr ~ 

RP BARRRR 
‘ 

FO [RONAN 

ry rrVrrw rrryvrr 

ww COwWwwv @ Aw rw aw 


3% 
2 in 















































vB ° * 
1lM be 
Rh. Fev. 


* End of Ca cycle resin 





TABLE IX 


Body weight and analyses of blood and serum in subjects receiving cation exchanger in the K cycle 





Time Therapy | Body Wgt. Blood Serum 





(g./4.) Suger HCO, cl Na K Ca H,O [Protein 
(mgmt) (meq-/1.)] (meq. /1-) | (meq./1.) |(meq./1.)| (meme) Kg-/1.) (g-8) 
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* End of H cycle resin Drawn on seventh day ** End of NH, cycle 


TABLE X 


Intake data and urine and stool output in subjects receiving the cation exchanger in the Na cycle 





Therapy Intake Urine Stool 
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TABLE XI 


Intake data and urine and stool output in subjects receiving cation exchanger in the K cycle 


Intake 
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TABLE Xli 


External, extracellular, and cell balances in subjects receiving the cation exchanger in the Na cycle 





Therapy Ext. Bal. 


Extracell. Bal. Cell Bal. 
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* Corrected for balance of NPN 


** Represents transfers of K in excess of the anabolism 


and catabolism of protein 


TABLE XIII 


External, extracellular, and cell balances in subjects receiving cation exchanger in the K cycle 


Ext. Bal. 


Ma K 
) (meq.) | (meq.) 


Subject Time Therapy 
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* Value has been corrected for external balance of NPN 
** Represents transfers of K in excess of protein metabolism 


bohydrate metabolism. In view of the inherent 
variations in carbohydrate utilization from day to 
day, even in well-regulated diabetic patients, only 
this general statement is justified. The possibility 
of some influence of the acidosis, such as that de- 
scribed in dogs receiving ammonium chloride (4), 
cannot therefore be excluded. 


Several of the studies were conducted in patients 
with edema. WK in Tables I, III, and VI is of 
particular interest in this respect because on a 
combination of marked sodium restriction and 
resin therapy his body weight dropped 5.6 kg. in 
nine days. The stool sodium excretion during this 
interval totaled 88 meq. It is obvious that this de- 
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TABLE XIV 


Intake data and urine and stool output in subjects receiving the cation exchanger in the Ca cycle 
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TABLE XV 


Body weight and analyses of blood and serum in subjects receiving the cation exchanger in the Ca cycle 





Subject Time Therapy body Wet. Blood Serum 
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* End of H and K resin period ** End of NH, and K resin period 


TABLE XVI 


External, extracellular, and cell balances in subjects receiving the cation exchanger in the Ca cycle 


Subject Time Therapy Ext. Bal. Extracell. Bal. Cell Bal. 
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/, (meq.) (meq.) (meq.) | (gm ) {1.) {meq.) | (meq.) | (gm.) (meq.) (meq.) 


vB O-2 4 2h +4. 


oF 1l-17 


* Value has been corrected for external balance of NPN 
** Represents transfers of K in excess of protein metabolism 








1006 


crease in endogenous sodium as a result of stool 
losses could not by itself account for the extensive 
decrease of edema. The bulk of the sodium was 
lost in urine. It seems probable that the additive 
effect of the acidosis should be listed among other 
factors contributory to this diuresis. 

On the other hand in patient CSc in the same 
tables much larger amounts of sodium were ex- 
creted in stools during the administration of the 
exchanger together with a milk diet unrestricted 
as to sodium. It is reasonable to suggest that with- 
out resin to interfere with the absorption of the 
ingested sodium this patient would not have lost 
edema fluid. Patient GDe demonstrates the degree 
to which the efficacy of the resin in augmenting 
stool sodium can vary not only from patient to pa- 
tient, but also in the same subject. In the 10 to 
15 day period he lost much less sodium per day in 
stool than in the somewhat longer 19 to 25 day 
interval. In this patient it is again worth pointing 
out that his initial huge diuresis with a body weight 
loss of 9.9 kg. cannot be attributed to stool losses 
of sodium, but that the marked acidosis which ap- 
peared during resin therapy may have hastened the 
delivery of the edema fluid. 

Finally it should be pointed out that these ex- 
changers have been administered to patients with 
renal failure. These can be most readily identified 
by the elevated blood nonprotein nitrogen values 
in the various tables of serum and blood data. 
The fact that in this series no complications de- 
veloped such as clinical acidosis or potassium in- 
toxication does not mean that these exchangers 
can be used with impunity in all forms of renal dis- 
ease. The risks and benefits have been described 
in greater detail in another paper in this series 
(5). Insofar as the current studies are concerned 
it should be emphasized that they were of limited 
duration and interrupted short of undesirable or 
dangerous changes when certain trends had become 
well established, as with the acidosis in GDe, Table 
I. Incidentally, the ammonium released from the 
ammonium form of the resin apparently does not 
raise whole blood nonprotein nitrogen, but it may 
have, in some patients, as in WG, Table IV, raised 
the output of nitrogen in urine. 


DISCUSSION 


The data which have been presented indicate that 
the hydrogen and the ammonium forms of the 
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resin produce effects which are indistinguishable, 
including essentially equal tendencies to induce 
acidosis and to increase the excretion of sodium 
and potassium in the stool. Furthermore, neither 
influences the output of nitrogen and chloride via 
this route. Although the efficiency of these resins 
is relatively low in vivo, it is clear that they may 
be useful in reducing the absorption of sodium 
from the diet so that a patient requiring low sodium 
therapy could ingest food seasoned with more of 
this cation. That he could not ingest much larger 
amounts of salt should be clear from the data in- 
dicating that each gram of the hydrogen or am- 
monium forms will remove only up to 1 meq. of 
sodium. 

These studies also support an interpretation 
voiced elsewhere (1), i.e., that the acidifying resins 
produce certain serum effects similar to those 
which follow the use of diuretics such as am- 
monium chloride, potassium nitrate, et cetera. 
This suggests that the diuresis accompanying hy- 
drogen or ammonium cycle resin therapy of pa- 
tients cannot be augmented by the use of acidifying 
diuretics. On the other hand it is reasonable to 
predict that mercurial diuretics used in conjunc- 
tion with these two acidifying resins will exert their 
maximal effects without the aid of ammonium 
chloride. There is, however, probably an increased 
danger of producing potassium depletion under 
these circumstances which may be counteracted 
by administration of extra potassium. 

Certain extrapolations seem justified with re- 
spect to possible clinical application of the sodium 
and potassium cycle resin findings. The relatively 
high efficiency of the sodium cycle resin in aug- 
menting the stool output of potassium suggests its 
possible application in renal insufficiency of the 
salt-wastage and potassium accumulation type. 
This agent under such circumstances should aug- 
ment the external losses of potassium and simul- 
taneously cancel the negative balances of sodium 
which characterize this disorder (6-8). 

The effects of the potassium cycle exchanger 
suggest that it may be beneficially employed in 
combination with the hydrogen or ammonium cycle 
congeners. It is obvious that upon exchange with 
sodium and hydrogen present in the intestinal tract 
the released potassium becomes available for ab- 
sorption and is, as the data indicate, in great meas- 
ure retained. This effect should serve to cancel 
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the deficits of potassium accompanying prolonged 
use of the hydrogen or ammonium cycle resins 
without adding to their acidifying effects ; although 
the same purpose may more efficiently be served 
by increasing dietary potassium intake by means 
of a salt such as KHCO, or KCl. The clinical 
practicality of such combinations has been evalu- 
ated elsewhere (9). In addition, the danger of 
producing potassium intoxication in patients with 
oliguria and renal disease must be recognized 
(10-12). 

It is possible that.certain features of these resins 
may be utilized in cancelling some of the side ef- 
fects of prolonged cortisone or ACTH therapy 
such as alkalosis, sodium retention, and potas- 
sium depletion (13-16). For example, combina- 
tions of hydrogen and potassium exchangers may 
be effective in this regard. Potassium depletion, 
however, may be enhanced under these circum- 
stances unless the intake of potassium is large 
enough to counteract the combined effects of the 
resin and ACTH or cortisone on this ion. This 
problem has been studied in some detail in a sub- 
sequent paper (17). 

Finally, the lack of any marked effects upon in- 
gestion of the calcium cycle resin is both a disap- 
pointment and a reassurance. From the theoretical 
point of view the resin in this cycle should be use- 
ful in far-advanced renal insufficiency: release of 
the calcium ion from the exchanger should a) in- 
crease stool losses of sodium and of potassium 
which accumulate in kidney failure, and b) pro- 
vide calcium to accelerate phosphate losses as in- 
soluble salts via the bowel and alternatively re- 
place the deficits characteristically present in serum 
and extracellular fluid of such patients. Unfortu- 
nately, neither of these predictions is substantiated 
by our data. These studies, however, provide a 
highly satisfactory control for a number of the 
other reports in this series. 


The following con- 
clusion is inescapable, if such support be needed: 
the effects of the ammonium, hydrogen, sodium, 
and potassium forms of the carboxylic cation ex- 
changer under investigation in this series of studies 
are attributable to the attached cation and not to 


the resin itself. If the cation with which the resin 
is charged is not displaced in sufficient quantity the 
resin has no detectable effect. 


SUMMARY 


1. The ammonium cycle resin produces effects 
quite comparable to those seen with hydrogen cycle 
resin ingestion, i.¢., hyperchloremia develops, and 
serum carbon dioxide content falls while the stool 
sodium and potassium excretion rises. 

2. The stool changes seen with either the am- 
monium or the hydrogen cycle resins are also ob- 
served in subjects receiving the exchanger in either 
the potassium or sodium cycle. In the use of the 
latter the efficiency in removing potassium is less. 
Neither consistently affects the serum constituents 
but occasionally hyperkaliemia appears during po- 
tassium resin therapy. With the sodium form of 


; the resin, sodium balances become positive with 


extracellular retention of this cation. With po- 
tassium resin, the intracellular stores of potas- 
sium may rise during therapy. 

3. In a series of studies on one patient concomi- 
tant administration of cortisone did not interfere 
with the ability of the ammonium resin to raise 
stool sodium and potassium but hypokaliemia ap- 
peared. 

4. The calcium cycle of the carboxylic cation ex- 
changer in the form used was relatively inert and 
produced much smaller changes in stool sodium and 
potassium. These findings, however, do add sup- 
port to the view that the cycle of the resin and not 
the resin per se is the determinative factor in the 
observed results. 
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Evidence has been presented indicating that a 
sufficient intake of a carboxylic cation exchanger 
in the potassium cycle increases the stool output of 
sodium in absolute as well as in relative terms 


(1-4). Two other findings accompanying the use | 


of this form of the resin are noteworthy: a) a sig- 
nificant proportion of the potassium taken with or 
as part of the resin can be retained in the body and 
b) ingestion of this particular resin does not pro- 
duce acidosis. Its efficiency in removing sodium is 
probably not as great, however, as that of either the 
hydrogen or the ammonium forms of the resin, 
each of which interferes with potassium absorption 
and induces a metabolic acidosis. The first half of 
this paper deals with findings observed during the 
simultaneous administration of the two types of 
resin in equal proportions, 1.e., potassium cycle 
mixed with either the hydrogen or the ammonium 
cycle, as well as in mixtures in which the acidifying 
resin predominated. 

The second half of this report describes results 
obtained during the use of resin mixtures with 
ACTH or cortisone or both. The expanding re- 
course to adrenal cortical effects in the therapy 
of a wide variety of disease states (5-7) has fur- 
ther emphasized that prolonged therapy is fre- 
quently not possible because of two particularly un- 
desirable concomitants, i.e., sodium retention and 
potassium depletion. It seems probable that these 
side effects by necessitating interruption or inter- 
mittency of treatment deprive patients of benefits 
which might be otherwise obtainable. The com- 
bined resin and steroid or hormone studies herein 
presented describe attempts at prevention or defer- 
ment of such deviations in cation metabolism. 


MATERIALS AND METHODS 


Equal parts of the acidifying and non-acidifying ex- 
change resins were administered in capsules for a daily 
total of 24 to 60 g. to hospitalized children or adults 


during 16 periods three to seven days in lengt!.. Mix- 
tures preponderating in the acidifying resin, i.¢e., 75 to 
80% in the ammonium or hydrogen cycle, were given in 
eight subsequent studies in four patients. In the final 
group of experiments four parts of ammonium or hydro- 
gen form resin and one part of the potassium resin were 
administered to patients undergoing treatment with adreno- 
corticotrophic hormone or cortisone. In all three groups 
of studies control periods were included when possible. 
The experimental procedures and other pertinent infor- 
mation have been described earlier (1, 2). The dietary 
regimens employed, the results of blood and serum analy- 
ses, and the available balance data are presented in tabu- 
lar form. To assist interpretation the findings have been 
expressed statistically wherever possible and presented 
in graphic form. 


RESULTS 


A. Relative constancy of serum and blood values 
during administration of resins in mixtures of 
equal proportion 


Concentrations of the various serum constitu- 
ents recorded in Table I at the end of the adminis- 
tration of equal amounts of the hydrogen and po- 
tassium cycle resins have been compared, irre- 
spective of the dietary regimen, with the levels 
present prior to this treatment and expressed as 
increments or decrements, prefaced by the appro- 
priate signs. The averages of these changes are 
depicted in Figure 1. It is readily evident that only 
slight fluctuations occurred in serum bicarbonate, 
chloride, sodium, potassium, calcium, phosphorus, 
protein, and water. Statistical comparison of the 
changes recorded during hydrogen-potassium resin 
ingestion, by means of the “t” test with a larger 
group of control periods described in a preceding 
paper, indicates that they are indistinguishable in 
magnitude and direction. It is clear, therefore, 
that in these subjects there is no evidence of the 
hyperchloremia and metabolic acidosis which char- 
acteristically occurred during hydrogen cycle resin 
therapy of equal duration (1). It should be em- 
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TABLE I 


Body weight and analyses of blood and serum in subjects receiving equal parts of the H and the K cycle resin 
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Therapy Body Wgt. Blood Serum 
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Fic. 1. FLucTuATIONS 1n SERUM CONSTITUENTS 
The columns represent mean changes in serum HCO,, Cl, Na, and K in milli- 
equivalents per liter and in serum Ca and inorganic P in milligrams % between the 
onset and end of control periods and of periods in which equal parts of H and K cycle 
resins were ingested in amounts indicated in Table I. There were no significant 
changes from the control values during ingestion of the resin mixture. 
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Fic. 2. Stoor Data 


The columns indicate the mean excretion of Cl, Na, K, and N per day, per 
100 g. of wet stool, and per 1.0 g. of stool nitrogen during control and resin 


mixture regimens. 


The asterisks signify statistically significant increases 


(“‘p” for the “t” test equals 0.05 or less) in stool excretion of all substances 


represented during ingestion of the resin mixture. 


and of nitrogen are small, however. 


phasized, however, that in these experiments the 
average intake of the hydrogen cycle cation ex- 
changer was approximately one-half of that in the 
studies cited above. 

Similarly, though the data are limited in num- 
ber, it can be seen by inspection that the resin 
mixtures did not produce any definite trend in the 
blood sugar and nonprotein nitrogen values, and 
that using the ammonium rather than the hydro- 
gen cycle resin in the mixture with the potassium 
cycle exchanger does not detectably alter the rela- 
tive constancy of the serum or blood constituents 
under scrutiny (Tables I and IT). 


B. Acidosis and hyperchloremia observed in pa- 
tients given 80: 20 mixtures of acidifying and 
non-acidifying resins 

All of the patients receiving the exchangers in 
the above proportions developed some measure of 
acidosis. This was usually associated with a pro- 


The changes in chloride 


portionate increase in the serum chloride. Serum 
sodium, potassium, calcium, phosphorus, and pro- 
tein fluctuated about the pretreatment values. If 
the latter were within the normal range initially, 
and this was true in all but patient JL, the changes 
during therapy were not of sufficient magnitude to 
reach levels which were abnormally high or low 


(Table IT). 


C. Serum and blood constituents in patients given 
resin mixtures in the course of ACTH or 
cortisone therapy 


From Table III it is evident that during the si- 
multaneous administration of ACTH or cortisone 
and resin mixtures the serum concentrations of 
bicarbonate and of chloride still decreased and in- 
creased, respectively. The findings in this limited 
number of observations suggest that the magnitude 
of the changes was somewhat less than those de- 
scribed 2arlier with the resin mixtures alone. All 
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TABLE Il 


Body weight and analyses of blood and serum in subjects receiving NH, and K cycle resins 





Subject Time Therapy | Body Wgt. Blood Serun 
Suger 





0 #/Protein 


RE. K NPN HCO, C1 Ma x Ca P a, 
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* Calculated as W, = 0.985 — (0.00745 x P,) 


subjects developed hypokaliemia ranging between given. As in the earlier studies, however, the 
3.4 and 3.1 meq./l. during this therapy in contrast other components of serum which were measured 
to the findings when ACTH or cortisone was not remained relatively constant. 


TABLE III 
Body weight and analyses of blood and serum in subjects receiving NH, and K cycle resins together with ACTH or cortisone 








Therapy 
Body 
Wet. 





Subject Time Resin ACTH 
(Age-Sex) | (Days) 





NH«| K | ( > NPN HCO; Cl Na K Ca P H:0* | Protein 
(g./d.) . . (mgm. %)\ (meq. /I.)| (meg. /l.)| (meg. /l.)| (meq. /l.)| (mgm. %)| (mem. %)\(g./1.)| (@. Yo) 


0 52. 30 26.7 i 141 0 10.4 3 931 
48 F 30 17.3 , 139 4 10.1 , 928 
b 43 26.1 R 135 3 9.5 d 937 








37 : 138 : : 920 
2 : 34 ‘ 142 F — ‘ 933 
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2 32 ; 140 —_ 
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12M , 69 , 138 
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6.6 
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42M 57. 46 B. . 144 
Hemolytic : 33 é 24 is7 
anemia 


JM 0 32 30. , 140 
20 M 48§ 36 A : 143 
Aplastic 
anemia 
























































* Calculated as W, = 0.985 — (0.00745)(P,) 

t Ingested 50 meq. KHCO,/day instead of K cycle resin 
t Oral cortisone instead of ‘ACTH 

§ H cycle resin administered instead of NH, cycle 
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TABLE IV 


Intake data and urine and stool output in subjects receiving equal parts of the H and the K cycle resin 








Therapy Intake 


Urine Stool 





H K cl Na K 
(g./d.) (meq.)| (meq.) | (meq.) 


Na K ™N . Na K 
(meq.)| (meq.) (meq.)| (meq.) 





16 506 | 424 
20 250 | 210 $23 
30 167 140 424 
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D. Stool composition during ingestion of cation 
exchange resins in two different cycles (Table 


IV) 


As in all of the earlier studies with the individual 
resins (1) there is no evidence that these several 
forms of the resin in combination alter the output 
of either chloride or of nitrogen per day, per unit 
of stool mass, or per unit of stool nitrogen. The 
second line of Figure 2 expresses mathematically 
the stool data in Table IV in the 14 periods in 
which the subjects received the resins in equal pro- 
portions while on a full or a so-called hospital “salt- 
free” diet. The exclusion of the three periods in 


which patient DY was maintained on a regimen 
markedly restricted as to sodium permits compari- 
son of data derived from dietetically homogeneous 
groups. This is necessary because of the demon- 
stration that maintenance on a no-salt milk formula 
of the type which subject DY received in itself al- 
ters stool composition (8). The control material 
(Figure 2, line 1) repeated from an earlier paper, 
represents therefore the average content of chlo- 
ride, sodium, potassium, and nitrogen to be ex- 
pected in the stools of individuals receiving a sub- 
stantial amount of sodium, whether it be in milk 
or in a diet that is or is not labelled “salt-free.” It 
is readily evident that the hydrogen-potassium resin 


TABLE V 


Intake data and urine and stool output in subjects receiving NH, and K cycle resins 








Therapy Intake 


Urine Stool 





Time 
(Days) | | K ci | Na | K N 
(g./d.) (meq.)| (meg.) (g.) 


Na K Na 
(meq.) (meq.) 





0-6 | 45 | 15 363 | 306} 773 | 96.4 


64 | : 358 





0-5 | 48 | 12 434 | 364 | 743 | 114.8 
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given the resin mixtures which contained pre- 
dominantly hydrogen or ammonium form resins 
(Table V), clearly indicates that the stool sodium 
and potassium values exceeded by a statistically 
significant margin the mean output of these ele- 


mixture taken in equal amounts raises the stool out- 
put of potassium in absolute values to a greater de- 
gree than stool sodium. 

On the other hand, examination of the intake 
and excretion data in the children and adults 


TABLE VI 
Intake data and urine and stool output in subjects receiving NH, and K cycle resins together with ACTH or cortisone 








Therapy 





Intake 


Time 


Resin | ACTH 
(Days) | 


| 





Na 
h (meq.)) 


Fuia| ci | Na | K 
(1.) | (meq.)| (meg.) | (meg.) 


119 7 518 
113 7 272 
345 | 210 
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12 ; . 
12 Full diet r 893 
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(mgm, 
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“42 | 300 ‘| 16.35 | 294 | 261 | 553 | 73.7 





* 50 meq. KHCOs; ingested per day 
+ Oral cortisone 
t Received H cycle resin instead of NH, 


TABLE VII 


External, extracellular, and cell balances in subjects receiving equal parts of the H and the K cycle resin 





Ext. Bal. Extracell. Bal. Cell Bal. 


ce. Na K uN Na 
(meq.) (meq.) (meq.) (meq.) 


Subject Time Therapy 





E K K Be 
Days) (g./a.) (meq.) (meq.) 





+7 
-23 


4119 
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¢ 11 
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-217 . 
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| -17.8 
































* Balances of N in excess of transfers of NPN 
** Value corrected for anabolism or catabolism of protein 
# In view of persistent edema, chloride space in this patient was taken to equal 30% of body weight 








TABLE VIII 
External, extracellular, and cell balances in subjects receiving NH, and K cycle resins 








Therapy | Cell. bal. 


External bal. Extracell. bal. 





Subject | ; Pte ee 
| NH. | K cl 
| (g./d.) 


Na K 
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* Balance of N in excess of transfers of N 


YPN 


t Values corrected for anabolism and catabolism of protein 
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TABLE 1X 
External, extracellular, and cell balances in subjects receiving NH, and K cycle resins together with ACTH or cortisone 








Therapy 


External bal. Extracell. bal. Cell. bal. 





Subject Resin | ACTH 





NH«| K Na 
(g./d.) (mgm./d.) (meq.) 


48 | 12 300 — 280 
0; 0 300 -— 79 


+ 2 
—218 


N 
(g.) 


—40.8 
—35.7 


K 
(meq.) 





—142 
— 31 
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48}} 12 
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300 


+ 8 
—104 


+290 
—229 


+15.3 
— 68.5 



























































* Balance of N in excess of transfers of NPN : 
+ Values corrected for anabolism and catabolism of protein 


t Received H cycle resin instead of NH, 


ments observed in the control studies. This same 
difference was still present in those of our patients 
who took comparable amounts of the resin while 
being treated with medications which replace or 
augment some of the effects of the adrenal cortex 
(Table VI). 


E. Balance data during the ingestion of acidifying 
and non-acidifying resins without and with 
hormones or steroids 


The information available on external exchanges 
is limited by the incompleteness of intake data in 
the studies in which equal amounts of hydrogen and 
potassium form resin were given but is nonetheless 
quite clear on the following four points (Table 
VII): a) with but one exception periods charac- 
terized by ingestion of these particular resin mix- 
tures were also characterized by positive balances 
of potassium; }) in general, the retained potassium 
entered the cellular or, more accurately, the extra- 
chloride space; c) the sodium balances were still 
positive despite resin intake in the subject receiv- 
ing significant amounts of these electrolytes (DL, 
periods 6-9 and 9-11 in Table VII) from dietary 
sources; and d) this resin mixture did not acceler- 
ate the losses of sodium, chloride, and water al- 
ready evident in subject DY on essentially com- 
plete sodium restriction (Table VII). 

The next four experiments listed in Table VIII 
represent studies in which the smaller amounts of 
a potassium cycle carboxylic cation exchanger, 12 
to 15 g., were added to a daily intake of 45 to 48 g. 
of the ammonium cycle resin. On this mixture 
the external balances of potassium were positive in 


three of the four experiments in which adequate 
intake data are available, even though the experi- 
mental periods were only three to seven days long. 
Similarly, the balances of both sodium and chloride 
were negative only in RT, whereas FC retained 
sodium without chloride. 

In the final set of studies in Table IX (patients 
BS, BM, and JM), in which intake data are avail- 
able during combined ACTH or cortisone and 
resin therapy, the external exchanges of potassium, 
sodium, and chloride followed the variable patterns 
observed in the 80: 20 studies in subjects not given 
either the hormone or the steroid, but there was a 
greater incidence of negative potassium and sodium 
balances, with all subjects losing potassium from 
their extracellular fluid. It will also be recalled 
that these patients as a group developed hypo- 
kaliemia. 


DISCUSSION 


It is readily evident from the above results that 
we can speak only of trends and implications. 
First, our data in general indicate that the in- 
clusion of some potassium form resin in a resin 
mixture will mitigate or cancel the losses of endoge- 
nous potassium which result when either the hydro- 
gen or ammonium cycle exchangers are used alone 
for the purpose of reducing sodium absorption. 
It is obvious that this effect will be observed only 
if the potassium present on and in the resin is re- 
placed by another cation and thereby made avail- 
able for absorption. That this does occur to a vari- 
able degree cannot be denied. It seems reasonable 
to suggest, moreover, that the provision of an ade- 
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quate intake of potassium could perhaps be achieved 
with greater assurance simply by giving potassium 
salts at appropriate times during resin therapy. 
In addition, such an alternative would relieve the 
patient of some of the burden of ingesting the large 
amounts of resin currently necessary for the re- 
moval of clinically significant amounts of sodium 
(9). Be that as it may, the trend at present seems 
to be toward admixtures of the potassium charged 
exchangers with the ammonium or hydrogen form 
resins (10-12). It behooves us, therefore, to con- 
tinue to examine our data on this point as critically 
as possible. Such scrutiny indicates that if the in- 
take of the potassium form of the resin is achieved 
at the expense of the hydrogen or ammonium form, 
the efficiency of the mixture in augmenting stool 
sodium decreases. This is suggested in the com- 
parisons of the 50:50 and the 80:20 mixtures. 
Furthermore, it should be noted that as a conse- 
quence this is a relatively inefficient way of giving 
potassium since a large proportion of the ingested 
ion reappears in the stools. This presumably re- 
flects the greater affinity of the carboxylic ex- 
changer for this ion as compared with sodium (13- 
17), but it may also be a manifestation, in part at 
least, of the preponderance of potassium in formed 
stools (18). 

The above statements apply as wel! to the stud- 
ies conducted in patients undergoing treatment 
with ACTH or with cortisone. It has been estab- 
lished in a sufficiently extensive series that these 
last two agents, alone or in combination, do not al- 
ter the electrolyte or nitrogen content of formed 
stools (19). Hence it is not surprising that the 
administration of resin mixtures to such patients 
also increases stool sodium and potassium by 
amounts comparable to those noted in subjects not 
receiving ACTH or cortisone. The net effects of 
such resin mixtures have been used in attempts by 
us, as indicated by the results in Table IX, to cancel 
or retard the trends to sodium retention and to 
potassium deficits mediated through the renal effects 
of the adrenocortical steroids. It seems likely that 
larger proportions of potassium resin should prove 
more efficacious. 

The serum data need but little comment. The 
replacement of progressively larger amounts of an 
acidifying form of the resin with a non-acidifying 
congener does of course minimize the tendency to 
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acidosis and hypochloremia. The degree to which 
this proves effective will depend not on the pro- 
portion of the two resins but on the total amount 
of acidifying resin ingested. Hence the end effects 
do not represent a cancellation of the acidifying ef- 
fects of certain forms of the resin. 

The emphasis on prevention or mitigation of the 
acidosis by means of resin mixtures has several 
sequellae, some of which may prove undesirable. 
Thus we have already discussed the decreased ef- 
fect on stool sodium. Also, evidence is available 
that the acidosis produced by the resin facilitates 
delivery of edema. Finally, if the acidosis and hy- 
perchloremic effects are lost, they cannot be used 
to counteract (leaving aside for the moment the 
question of whether or not this serves any useful 
purpose) the opposite changes which appear in 
prolonged cortisone or ACTH therapy. 

Finally a word of warning is in order, since 
under some circumstances any procedures which 
augment body potassium stores are contraindicated. 
This is particularly true in those patients with renal 
failure and a tendency toward potassium accumula- 
tion (20-22). It may be predicted with assurance 
that such subjects would be harmed by therapy 
with potassium cycle exchanger, since toxic levels 
of this cation would be reached that much sooner. 
This danger of course would not be present in pa- 
tients with normal or even an increased ability to 
excrete potassium (23-25). From the practical 
point of view, however, it would be well not to 
use the potassium cycle exchanger in any patient 
with renal failure until the adequacy of the renal 
mechanisms for the disposal of excesses of this 
cation has been established. 


SUMMARY AND CONCLUSIONS 


Hydrogen or ammonium form carboxylic cation 
exchangers have been mixed with the potassium 
form of the resin in various proportions and ad- 
ministered to patients: 

1. The acidosis and hyperchloremia do not ap- 
pear in short-term therapy with 1:1 mixtures in 
which the total dosage is 60 g. or less, and yet stool 
sodium is increased to some extent. 

2. With 4:1 mixtures in which the acidifying 
resin predominates, acidosis and hyperchloremia 
develop and the output of stool sodium rises well 
above control values. This is also true of stool 
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potassium indicating that only part of the potas- 
sium form resin has exchanged for cations other 
than potassium. 

3. With the addition of the potassium form resin 
to hydrogen or ammonium forms, the external 
balances of potassium are generally positive in all 
of the mixtures tested. 

4. The effects of the resin mixtures on the com- 
position of stools were still evident in patients re- 
ceiving ACTH or cortisone. 

5. The clinical utility of these particular resin 
mixtures in preventing or deferring the sodium 
retention, the potassium depletion, the hypochlore- 
mia and the alkalosis of prolonged ACTH or corti- 
sone studies has been discussed. The danger of 
inducing potassium depletion during such therapy, 
if a sufficiently large intake of potassium is not 
provided, has been emphasized. 
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Programs of prevention or therapy of edema in 
nephrotic children in use at present still fail to re- 
solve a number of problems. Thus the efficacy of 
repeated plasma or serum albumin infusions car- 
ries with it dangers of reactions as well as certain 
economic burdens (1-3). Plasma substitutes such 
as gelatin, polymerized glucose (“Dextran”), or 
polyvinyl pyrrolidone (“Periston”), have not re- 
ceived sufficiently prolonged clinical trials to ex- 
clude the possibility of sequellae such as those 
which follow acacia therapy (4-7). Similarly, 
certain practical obstacles attend the application 
of instruments available for vivodialysis, even when 
they function efficiently in reducing extracellular 
volume. Alternative approaches to the therapy of 
edema such as the infusion of sodium and potas- 
sium salts, the use of osmotic diuretics, the injec- 
tion of nitrogen mustard, the administration of 
cortisone or of ACTH or the exposure to febrile 

‘infections, particularly rubeola, have been only 
sporadically successful (8-16). Finally, even 
though complete elimination of sodium from the 
intake may control edema, such rigid dietary re- 
striction is not acceptable to many patients. It 
has therefore seemed desirable to us to try one 
member of a group of agents, the cation exchangers, 
recently made available for clinical testing. These 
polymers, ingested by mouth in an appropriate 
cycle, increase the stool excretion of sodium and of 
potassium (17-19). The studies which were con- 
ducted have provided answers to the following 
questions: a) is the medication sufficiently ac- 
ceptable to permit prolonged therapy, b) how ef- 
fective is it in abstracting cations from the diet and 
from body fluids, c) does it enhance the loss of 
edema which can be achieved by sodium restriction 
alone, and d) does its administration entail undue 
hazards to the patient? 


MATERIALS AND METHODS 


A carboxylic cation exchange resin in the hydrogen 
cycle was administered during a total of 15 periods three 
to six days long to four edematous nephrotic children. 
With few exceptions sodium intake was markedly re- 
stricted, #.e., to 1 to 3 meq./day prior to, during and af- 
ter resin administration. The diet consisted of a low- 
sodium milk (“Lonalac”) with added milk protein (“Pro- 
tinal”) and carbohydrate (beta-lactose) and contained 
adequate amounts of calories and nitrogen as well as 
considerable amounts of chloride and potassium.1 The pa- 
tients received in addition, 0.6 to 0.9 g. of ferrous sulphate 
and maintenance vitamins each day. Water was allowed 
as desired. Changes during and following resin therapy 
have been compared with those observed in the same 
subjects during control periods on sodium restriction 
alone. Balance procedure, analytical techniques and meth- 
ods of calculation have been described earlier (20-23). 
Findings are expressed when possible in statistical terms. 
Protocols are presented in the appendix. 


RESULTS 


Attempts to maintain the daily intake of the 
resin at 30 to 40 g., amounts readily taken by es- 
sentially healthy children in control studies (20), 
were only partially successful. As a result the 
mean daily intake proved to be only 17.7 + S.D. 
12.4 g. Despite this relatively low dosage certain 
clearly evident changes appeared in these subjects 
asagroup. These are reviewed and then the stool 
findings are compared with those following re- 
placement of the low-sodium regimen by a full diet. 


A. Resin effects during the essentially sodium-free 
regimen 


From the original data in Table I and the statis- 
tical summary in Figure 1 it is evident that with 


1 Composition of formula: “Lonalac” 125 g.; “Protinal” 
30 g.; B-lactose 25 g.; sucrose 15 g.; diluted to 1000 ml. 


with water. Final concentration of sodium 1.1 meq./1.; 
potassium 44.9 meq./l.; chloride 18.5 meq./l.; nitrogen 
8.2 g./l. 
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resin ingestion the serum carbon dioxide content 
decreased on the average 4.10 meq./l. (9.10 vol. 
%) below control values and returned to previous 
levels following cessation of therapy. This was 
not accompanied by a rise in mean serum chloride 
of the type observed with the acidifying cation ex- 
changers in previous animal and human studies 
(20-21), even though in the post resin period a 
Statistically significant drop in the opposite direc- 
tion did occur. The only other measured serum 
constituent to show change was potassium. The 
average levels diminished by almost 1 meq. during 
therapy and subsequently returned to pretreatment 
values. 

Stool potassium excretion (Figure 2 and Table 
II) rose during resin ingestion above rates char- 
acteristic of the control and post resin periods in 
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these patients, irrespective of whether it is ex- 
pressed in terms of milliequivalents per day, milli- 
equivalents per 100 g. of stool or milliequivalents 
per gram of nitrogen. At the same time urinary 
excretion of this cation fell off significantly (Fig- 
ure 2, based on urine data in Table II). The fact 
that the external balance of potassium did not vary 
discernibly during those alterations supports the 
view that these stool and urine potassium changes 
tended to cancel one another. The lower urinary 
excretion of potassium persisted into the post 
resin periods (Figure 2). 

Insofar as sodium is concerned, keeping in mind 
that these patients were on an intake markedly re- 
stricted as to sodium content, there is no con- 
sistent evidence that stool sodium rose signifi- 
cantly ; only the excretion per 100 g. of stool nitro- 


TABLE I 


Body weight and analyses of blood and serum in nephrotic children receiving the H cycle resin 
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gen increased without change in the other two 
categories. Even this isolated change, however, 
is of too small magnitude to represent any sub- 
stantial influence of the exchanger on stool sodium. 
Neither did the urinary excretion of this electro- 
lyte fall off significantly, though the mean values 
proved to be somewhat lower. These essentially 
negative findings are further supported by the ob- 
servations that the fluctuations in the external and 
internal balances of sodium did not show, as will 
be seen later, any real trend which could be at- 
tributed to resin. 

The small change in the daily stool chloride ex- 
cretion in the per day and per gram of nitrogen 
categories, and the lowered urinary output of this 
ion during resin therapy remain unexplained (Fig- 
ure 2). These stool chloride changes may merely 
reflect the limited number of control observations 
available prior to therapy, but comparison of them 


ya HCO, Aci 


CONTROL 


with a much larger group of samples obtained in 
control studies in subjects on an identical regimen 
(20) reveals the same difference. Whatever the 
reason may be, the stool changes are of too small 
magnitude to have any influence on the daily trans- 
fers of this anion or of nitrogen. On the other 
hand, insofar as the lowered urinary chloride values 
are concerned, it is conceivable that they appeared 
secondary to decreased potassium excretion. 
Against this is the finding that in the post resin 
periods still characterized by the lowered potas- 
sium excretion such a relationship cannot be postu- 
lated. It is more likely that renal retention of 
chloride is related to acidosis (21). 

Perusal of the summarized mean balance values 
during the pre and post resin periods (Figure 3) 
clearly indicates that a low-sodium regimen of the 
type herein described may by itself induce negative 
external balances of sodium and of chloride with a 
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Fic. 1. M&AN CHANGES IN SERUM CONCENTRATION BEForE, DURING AND AFTER RESIN THERAPY 


Fluctuations in serum constituents (A HCO,, Cl, Na, and K) during and following H form resin 
ingestion have been compared statistically and graphically with those recorded prior to therapy. As- 
terisks identify mean values found to have a “p” for the “t” test of less than 0.05, and indicate therefore 
a statistically significant difference. Resin administration reduced the serum bicarbonate content with 
subsequent restitution during the post H resin periods. The chloride did not change significantly until 
the resin had been withdrawn at which time a significant decline was observed. The only other change 
of note was the decrease of 0.93 meq./l. in the mean serum potassium concentrations (S.E. + 0.31). 
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decrease in extracellular volume, diuresis, and a 
loss of body weight. Furthermore, the rates of 
extracellular sodium and water loss, and of fall in 
body weight characteristic of the control periods 
on low-sodium therapy only, were not visibly ac- 
celerated by these amounts of resin. Strength is 
added to these interpretations by noting that the 
patients were in positive nitrogen balance during 
the control and resin periods and hence the losses 
in body weight cannot be attributed to inadequate 
intake. In the post resin period the nephrotic 
children took insufficient amounts of milk and de- 
veloped negative external and cell balances of ni- 
trogen (Table III and Figure 3). 


B. Effects associated with resin intake during an; 


unrestricted diet 


During days 50 to 58 in BF and 65 to 76 in DY, 
the low-sodium regimen was replaced during con- 
tinued resin ingestion by a full diet containing ordi- 
nary amounts of sodium (Table II). Though 
complete balance data are not available and the ob- 
servations are limited to three in number it should 
be pointed out that in each instance the patients ate 
well and took larger amounts of resin. The daily 
stool sodium and potassium output exceeded by a 
wide margin values observed in a large series of 
control subjects on comparable diets without resin 
(20), and unquestionably exceeded greatly the 
stool sodium values seen in these same patients 
while on resin and a low-sodium diet. Chloride 
and nitrogen output, on the other hand, were not 
unusual. It is clear, therefore, that in these sub- 
jects, as in others (21), the resin can increase stool 
losses of sodium and, of course, of potassium as 
well during periods in which sodium is present in 
the diet. 


C. General comments and clinical course 


All four of the patients continued to deliver their 
edema with only occasional interruptions irrespec- 
tive of whether or not they were receiving the ca- 
tion exchanger. 

The nonprotein nitrogen of the blood returned 
to normal in BF, fluctuated between elevated and 
non-elevated concentrations in KM, remained high 
in DW, and rose to azotemic levels in DY (Table 
I). The patient with the most pronounced reduc- 
tion of serum carbon dioxide content (DW) de- 
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Fic. 2. ELectrotyte AND NITROGEN EXCRETION IN 
URINE AND IN Feces BEForRE, DuRING, AND AFTER RESIN 
THERAPY 


Statistically significant increases or decreases from con- 
trol mean values are marked by an asterisk. It is readily 
evident that as stool potassium increased, the urinary out- 
put of this electrolyte declined. The lowered output of 
potassium in urine persisted during the post resin period. 
Changes in stool chloride and in stool sodium were limited 
to one or two of the categories in contrast to the uniformity 
of the stool potassium data. Urinary chloride excretion 
was low during the resin ingestion periods. 


veloped over-breathing on the seventh day of hy- 
drogen form resin therapy coincidental with a 
respiratory infection, even though he had taken 


only 9 g. each day. This responded promptly to 
therapy with parenteral sodium bicarbonate pre- 
ceded by calcium gluconate and antibiotics. De- 
spite the hypocalcemia present in this child and in 
the others none of the patients developed tetany 
during resin therapy. This fact, together with the 
slight elevations, if any, in serum phosphorus indi- 
cate that the low serum calcium values were pri- 





TABLE Il 
Intake data and urine and stool output in nephrotic children receiving the H cycle resin 
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TABLE III 
External, extracellular, and cell balances in nephrotic children receiving the H cycle resin 
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Fic. 3. ExtTernar (“ToraL”) BALANCES oF ELECTROLYTES AND OF NITRO- 
GEN PARTITIONED INTO EXTRACELLULAR AND CELLULAR COMPONENTS 
The graph presents the mean values during control, resin, and post resin 

periods. The asterisk indicates that, compared to the controls, statisti- 

cally significant differences were present only in the external and cell 
balances of nitrogen during the post resin periods. It is obvious that on 
sodium restriction alone in the control periods the patients continued to 
lose sodium, chloride, and extracellular water throughout at essentially 
the same rate, as indicated by changes in the chloride space. In the con- 
trol periods considerable amounts of ingested potassium were retained. 

This element entered cells with nitrogen since the overall cellular balance 

of K was positive but K’, which refers to transfers of potassium in excess 

of metabolism of protein, was negative. However, the scatter of values in 
this and in the subsequent periods resulted in considerable overlap and the 


p” value was not within the limits set for statistical significance. 


marily a manifestation of the remarkably reduced 
concentrations of serum albumin (Table I) pres- 
ent before, during, and after resin administration. 
Taking serum potassium values above 5 meq./I. 
as suggestive of potassium retention secondary to 
renal insufficiency, the data on BF, KM and DY 
indicate the ability of the resin to lower the serum 
and extracellular fluid concentrations of potassium. 
This same effect resulted in hypokaliemia in DW. 

The serial studies of erythrocyte and leucocyte 


DISCUSSION 

A practical aspect of resin therapy in nephrotic 
children deserves first comment. Our subjects 
experienced considerable difficulty in ingesting and 
retaining the desired amounts of the cation ex- 
changer. Various vehicles were tried with negligi- 
ble success ; capsules proved to be in general more 
acceptable. Other essentially healthy children on 
the same ward on a similar regimen at the same 
time took the prescribed amounts of resin with only 
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counts, urine protein output, urine specific gravity, 
or of phenolsulphonethalein excretion did not re- 
veal any untoward effects induced by the resin ther- 
apy. Asa matter of fact the trend was toward im- 
provement. The end result in this group to date 
consists of one death (DW) and three remissions, 
four to six months in length; obviously the sur- 
vivals cannot be ascribed to resin therapy. 


minimal objections. It should be pointed out that 
in general, patients on an unrestricted diet tolerated 
the resin much better and took larger amounts 
than those on the milk formula. Irrespective of 
whichever reasonable explanation is advanced for 
this difference its reality and therapeutic impor- 
tance, at least in this small group of patients, can- 
not be denied. 
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Though it is true that resin therapy superim- 
posed on this regimen produced certain distinct 
changes, none of them exerted any dramatically 
beneficial effect. The patients did not lose sodium, 
extracellular water, or body weight at any faster 
rate. Furthermore, the post resin anorexia and 
voluntarily lowered milk intakes with negative 
nitrogen balances were probably related to resin 
treatment. These findings by no means exclude 
the possibility that resin can be useful in the treat- 
ment of edema states. They merely indicate that 
if essentially complete sodium restriction 1s 
achieved, this resin in the amounts herein taken 
apparently cannot exert any additive effect. On 
the other hand it is only fair to state that perhaps 
the resin through its acidifying effects permitted 
the continuation of diureses which might have 
otherwise ceased. It is evident, however, that even 
though endogenous sodium cannot be removed in 
significant quantities by resin in these amounts 
during almost complete sodium restriction, the ex- 
changer certainly did increase stool losses of so- 
dium during a diet which contained ample amounts 
of this cation. Whether or not these increments 


prove to be of sufficient magnitude to influence the 


net external balances of the ion and thereby pre- 
vent or correct edema will obviously in great meas- 
ure depend on the concomitant urinary excretion 
of sodium, 

The potassium data in these studies do suggest 
that this exchanger, properly used, will deviate 
exogenous and endogenous potassium to stools. 
This effect will obviously tend to forestall and to 
correct potassium intoxication, and its recognized 
threat to survival, in patients with renal diseases 
(24-27). 

It may be of interest at this point to speculate 
upon various possibilities whereby the efficiency 
of these resins could be increased. The difficulties 
of ingesting sufficiently large amounts might then 
be resolved, although we have been able to in- 
crease, subsequent to the studies described in this 
paper, the intake of the exchanger by suspending 
it in flavored cornstarch. The size of the indi- 
vidual resin particles may also be important in de- 
termining the clinical efficiency of the resin. More- 
over, the influence of certain dietary constituents 
such as potassium, calcium, and fats upon the 
ability of the exchange agent to increase stool so- 
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dium excretion has not been explored. It may be, 
for example, that low potassium diets during in- 
gestion of the carboxylic exchanger would permit 
the removal of significantly greater amounts of 
sodium. However, against this possibility is the 
observation that the sulfonic resins removed 
chiefly potassium in rats maintained on diets com- 
pletely free of electrolytes (27). 


SUMMARY 


1. On an essentially sodium-free regimen, pro- 
viding ample calories, nitrogen, and potassium, a 
carboxylic cation exchanger in the hydrogen cycle, 
up to 40 g./day, did not further increase signifi- 
cantly the stool losses of sodium nor accelerate 
the loss of edema and of body weight in nephrotic 
children. This therapy may have, however, pro- 
longed the diuresis through its acidifying effects. 

2. On a diet which contained considerable 
amounts of sodium the exchanger raised the stool 
sodium, thereby indicating the value of this agent 
in augmenting the excretion of ingested sodium. 

3. The resin did increase significantly the loss 
of potassium via the gastrointestinal tract, but ef- 
fects of this on the external balances of potassium 
were in great measure cancelled by a simultane- 
ous reduction in the urinary excretion of the elec- 
trolyte. Nonetheless, serial serum potassium stud- 
ies indicate the resin cancelled trends to hyper- 
kaliemia. 
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CASE REPORTS 


DW—(CH 4071)—This seven year old white boy was 
readmitted to Children’s Hospital from a convalescent 
home on 1/23/50 for treatment of persistent edema. 

Four years earlier he had become edematous one month 


after an acute infection. Plasma and blood transfusions 
had been given without relief. In 1948 there was anasarca, 
blood pressure 120/62, 4+ albuminuria, serum cholesterol 
1216 mgm. %, total protein 3.8 g. %, albumin 0.2 g.% and 
globulin 3.6 g. %. Fever and respiratory embarrassment 
had developed which required oxygen, antibiotic therapy 
and digitalization. Edema was fairly well controlled with 
ammonium chloride and mercurial diuretics and the pa- 
tient was sent to a convalescent home. In November 
1948 a diet consisting solely of sodium-free dialyzed milk 
was begun with improvement in clinical condition and 
subsidence of edema. This regime continued aside from 
occasional dietary indiscretion. 

On admission 1/23/50 there were marked pallor, slight 
generalized edema, and a soft apical systolic murmur and 
a BP of 100/65. His hemoglobin was 5.9 g. %, RBC 2.9 
million, and WBC 12.7 thousand and his urine contained 
2+ to 4+ albumin, granular casts, and occasional red and 
white blood cells. The cholesterol was 1846 mgm. %; 
other blood and serum values during his hospitalization are 
shown in Table I. 

The sodium-free milk diet supplemented with vitamins 
and iron was continued with addition of hydrogen cycle 
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resin. He accepted an average of only 9 g. of the resin 
per day for a week. At this time an upper respiratory 
infection developed, with subsequent nausea, vomiting and 
acidosis. Improvement occurred during therapy with anti- 
biotics, oxygen, blood transfusion, intravenous calcium 
gluconate and bicarbonate. On the 20th day tetany de- 
veloped and was relieved by calcium therapy. This re- 
curred on the 3lst and 62nd hospital days. On 4/5/50 he 
developed congestive heart failure and became irrational ; 
venous pressure rose, and blood pressure fell. Digitaliza- 
tion, oxygen, and supportive therapy were ineffective and 
the patient died on 4/6/50. 

At autopsy, nephrosis, right pleural effusion, ascites, 
dilatation of right auricle and ventricle, primary atypical 
pneumonia of unknown origin, congestion of liver and ac- 
cessory spleen were found. 

DY—(CH C817)—This 11 year old Chinese Ameri- 
can boy was first admitted 9/6/49 with anasarca, albumi- 
nuria, hypercholesterolemia, and hypo-albuminemia. PSP 
excretion was 60% in two hours. On a low-sodium 
milk, rice and fruit diet, supplemented with vitamins and 
iron, edema subsided and the patient was discharged from 
the hospital. Edema recurred, but after hospitalization and 
sodium restriction, diuresis occurred and he was sent to 
a convalescent home. 

On 2/18/50 the patient was readmitted with slight facial 
edema and abdomina! fullness, but no peripheral edema. 
Laboratory findings were essentially unchanged, except 
that the hemoglobin had fallen to 7.8 g. and the red count 
to 3.9. Blood and serum clinical data for his entire hos- 
pitalization appear in Table I. 

Therapy consisted of low-sodium milk diet plus various 
combinations of cation exchange resins. On the ninth day, 
14 g. of hydrogen cycle resin were given and continued 
for a period of six days. After a six day control period 
120 ml. of 40% urea solution were ingested daily for 
three days. Hydrogen cycle resin was repeated for five 
days, and milk protein supplement, 60 g./day, was added 
to the diet. However, the clinical condition of the patient 
remained unchanged. During this time protein intake 
was 90 g. daily, with urinary losses of 10-13 g./day. 
Unexplained abdominal pain and temperature elevations 
present from the 32nd to the 35th day were treated with 
penicillin. 

On the 66th day he was placed on a general diet with 40 
g. of the hydrogen cycle resin daily. There was disap- 
pearance of edema and weight loss of 2 Kg. with subjective 
and objective improvement. 

Subsequently resin therapy was repeated from the 110th 
to the 117th day. No significant change appeared in 
urine or blood throughout therapy. 

BF—(CH 0801)—This six year old negro boy was re- 
admitted 3/6/50 with edema, marked ascites and 3+ 
albuminuria. 

One month earlier he had been admitted with periorbital 
and pretibial edema, vomiting, abdominal cramps, mild 
diarrhea, and enlargement of the abdomen of three days’ 
duration. BP was 102/64. There was 3+ to 4+ albu- 
minuria and a few white and red blood cells in the urine. 
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The NPN was 32 mgm. %, total protein 4.3 g. % with 
0.7 g. albumin. Cholesterol was 864 mgm. %. The intra- 
venous pyelogram was normal. A diagnosis of nephrosis 
was made and a low-salt high-protein diet given with im- 
provement. He was discharged 2/24/50. 

He was readmitted on 3/6/50 with edema, marked as- 
cites, and 3+ albuminuria. Blood and serum analyses ap- 
pear in Table I. Hemoglobin was 10.5, RBC 3.6, WBC 
7.8 thousand. On a diet consisting exclusively of a low- 
sodium milk formula the edema diminished rapidly during 
the first 12 days. From the 12th to the 18th days the pa- 
tient received hydrogen cycle cation exchange resin. Dur- 
ing this time no change in his condition was noted. 

Dialyzed milk formula was continued until the 20th 
hospital day when intake was changed to low-salt diet and 
hydrogen cycle resin was again given. This regimen was 
associated with rapid accumulation of edema fluid until 
it was interrupted on the 34th day by an acute episode of 
fever, vomiting and severe abdominal distention and pain 
suggestive of peritonitis. Recovery from this acute epi- 
sode occurred after four days of antibiotic therapy. On 
a low-sodium milk formula, diuresis and disappearance of 
edema occurred rapidly. There was no change in albu- 
minuria. 

The child remained on this diet and almost completely 
free of edema until 6/12/50, when a general diet and 20 g. 
each of hydrogen and potassium cycle resins were given. 
Within one week edema appeared in severe degree. A low- 
sodium milk diet with rice, fruit, and “salt-free” bread was 
administered for the remainder of his hospital stay. Hy- 
drogen form resin was resumed, and in eight days edema 
subsided and a weight loss of 1 Kg. occurred. Albuminuria 
persisted throughout the study. 

KM—(CH M6990)—This two year old white girl was 
admitted 5/6/50 because of persistent edema despite dia- 
lyzed milk and salt-free cereal diet. 

Two years before there had been swelling of the face, 
legs, and abdomen of two weeks’ duration subsequent to 
an upper respiratory infection. On admission in 1948 the 
child was pale, poorly developed, with periorbital and 
peripheral edema. BP was 120/75. There was 4+ al- 
buminuria, 6 RBC/hpf, specific gravity 1.037. A normo- 
chromic anemia and leucocytosis were present. Blood 
NPN was 30 mgm.%, serum cholesterol 608 mgm. %, al- 
bumin 0.4 and globulin 3.7 g. %. Diuretic therapy pro- 
duced slight improvement. 

On 5/6/50 there were generalized edema and hepatome- 
galy, blood pressure was 105/75, albumin 3+ to 4+, and 
a few red cells and granular casts were present in the urine. 
Hemoglobin was 7.5 g. %, RBC 3.2, and WBC 9.1, Ex- 
cretion of PSP was 50% in two hours. 

The patient was fed only low-sodium milk supplemented 
with vitamins and iron. After one week a slight reduc- 
tion in facial edema was noted, with weight decrease of 0.8 
Kg. Hydrogen cycle resin was then given for a period of 
15 days. This was poorly accepted by the patient, only 
small amounts being taken. During administration of 
resin there was no change in blood or urine findings. 
Serum values appear in Table I. 
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The data which have been presented in the pre- 
vious papers clearly indicate that the carboxylic 
cation exchange resins in the hydrogen, am- 
monium, sodium, and potassium forms individually 
or in combinations increase the stool excretion of 
sodium and potassium in man and dog (1-4). In 
the amounts administered however, 20 to 60 g. 
day, there was only a limited absolute increase in 
The 


in vivo efficiency of these exchangers was usually 


the stool content of sodium and potassium. 


1 meq. of sodium or less removed per gram of 
resin ingested when the diet contained sodium. 
In addition, potassium excretion per gram of the 
resin was usually about 50% greater than sodium. 
Although stool sodium was largest during the ad- 
ministration of the sodium form, and potassium 
greatest during ingestion of the potassium cycle, 
it seems clear that these ions were actually being 
supplied to the body because less was excreted in 
the stool than was administered. 

It may often prove possible to utilize these sub- 
stances, with the exception of the sodium form of 
the exchanger, to advantage clinically in conditions 
in which endogenous sodium is already present in 
excess or in which exogenous sodium is prescribed. 
It is logical, for example, to expect that in some 
borderline situations the resin may serve even 
without dietary restriction to tilt the balance of 
sodium sufficiently to prevent further retention or 
to produce an actual loss of previously retained 
ions via emunctory pathways other than the gas- 
trointestinal tract. Thus it may well be possible 
to maintain some patients on a full diet plus resin. 
It naturally follows that others may only need par- 
tial limitation of exogenous sodium. However, the 
composition of the diet influences the efficiency of 
the resin. When sodium is rigidly withheld, the 
amount of sodium removed per gram of the ex- 
changer decreases markedly. Our studies suggest 
that if essentially complete sodium restriction is 
achieved only small increments of this cation will 
be removed in the stool per day and prolonged 


therapy may be required for this route of excretion 
to attain important effects in the removal of endo- 
genous sodium. This is surprising inasmuch as a 
large pool of endogenous sodium should be avail- 
able for interchange with the resin but this pre- 
sumably reflects the greater affinity of the resin 
for potassium as compared to sodium (5-10). 

Since ordinary full diets provide an intake of 
some 100 to 300 meq. of sodium in the course of 
24 hours, it is evident that these agents used alone 
in amounts up to 60 g./day are incapable of pro- 
ducing negative balances as a result of losses in 
stools or of preventing the absorption of a major 
part of the sodium through the intestine. This is 
particularly true when it is recalled that in the 
animal experiments and to a lesser degree in the 
human studies, deviation of sodium excretion to 
the gastrointestinal tract was accompanied in turn 
by reduced urinary losses of this ion. A larger 
intake of resin might of course shift the sodium 
balance to the negative side, but unfortunately pre- 
scriptions in such dosage too often prove burden- 
some to most patients. This is particularly apt to 
be true of those who are ill and already anorexic, 
nauseated or vomiting. 

The effects of the hydrogen and ammonium 
cycle resins are not limited, however, to deviation 
of sodium to stools. They both produce an acido- 
sis which in the control of edema can be looked 


upon as a beneficial and a desirable effect in sub- 


jects without impaired renal function. This de- 
velopment can induce diuresis by the same mecha- 
nisms responsible for increased urine volumes 
following acidifying diuretic salts (11). It is 
probable that the hydrogen or ammonium ion at- 
tached to the resin is absorbed into the body fluids 
following displacement from the resin by the other 
cations present in enteric juice and thereby pro- 
duces acidosis. This analogy is supported not only 
by the well-documented changes following am- 
monium chloride administration but also by the 
invariable occurrence of hyperchloremia as a se- 
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quel to the use of any of the so-called acidifying 
diuretics (11). It is true, as our own findings in- 
dicate (4), that frank acidosis and overbreathing 
may accompany the ingestion of acidifying resins, 
especially in patients with far-advanced renal fail- 
ure. Since it is highly dubious that accentuation 
of a definite acidosis already present as a conse- 
quence of renal insufficiency exerts any further 
stimulus to urinary sodium and water losses, it is 
well to identify such patients and treat them either 
with lesser amounts of resin, or with non-acidify- 
ing resins in other cycles, or perhaps both. The 
evidence on hand indicates, however, that the 
lessened tendency to acidosis recorded with mix- 
tures of hydrogen and potassium, or of ammonium 
and potassium cycle resins, merely represents the 
effect of reducing the amount of hydrogen or am- 
The potential 
benefits of such mixtures in this regard are mini- 


monium ion administered (3). 


mized by the relatively decreased efficiency of the 
potassium-bearing resin with respect to sodium 
exchange (6-10). Further, it is known that po- 
tassium deficits in the body are accompanied by 
alkalosis and that excessive retention of potassium 
in cells is of itself productive of acidosis (12, 13). 

Again, as in the case of the acidosis which fol- 
lows the use of hydrogen and ammonium carriers, 
the frequency with which these agents increase 
stool potassium losses and produce negative bal- 
ances of potassium may be either undesirable or 
desirable, depending on the particular patient 
under treatment. Thus it has been established in 
previous studies that losses of body potassium in 
urine, diarrhea, vomitus, or drainage from the in- 
testinal lumen or from fistulae can result, if ade- 
quate treatment is not provided, in undesirable 
deficits of this important cation (14-21). This 
depletion can be accompanied by hypokali- 
emia, muscular paralysis and electrocardiographic 
changes, particularly in the S-T and T segments, 
and prolongation of the Q-T interval (22, 23). 
Evidence is also available that losses of cell potas- 
sium induced experimentally in animals produce 
myocardial and muscle cell necrosis (24, 25), and 
that replenishment of depleted stores decreases the 
mortality in diarrheal infants (15). In view of 
these facts any agent which can lower body potas- 
sium below normal may produce harm. There- 
fore, factors such as starvation (16), administra- 
tion of mercurial diuretics (26), or even ACTH 
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or cortisone (27-29) will increase the require- 
ments of potassium. On the other hand it is ob- 
vious that in patients with excessive body stores 
of potassium this effect would be beneficial (30- 
32). Certainly ample evidence is available that 
increased levels of plasma and extracellular potas- 
sium will cause cardiac arrest and death (33, 34). 
This development is most frequently encountered 
in patients with renal failure, particularly anuria, 
though it is known to accompany excessive ad- 
ministration of potassium salts (35) and adrenal 
cortical insufficiency (36), and is even encount- 
ered for as yet unexplained reasons in certain 
newborn infants (37). In some of these patients 
the hydrogen and ammonium resins can be used 
to advantage to lower body potassium back toward 
normal. Admixture of potassium resin would be 
potentially dangerous in such subjects. It is ob- 
vious therefore that the prescription for resin 
therapy with hydrogen, ammonium, potassium, or 
any other cycle must be written with these effects 
and limitations in mind, combined with an ade- 
quate knowledge of the patient’s status and disease. 

Insofar as the sodium cvcle resin is concerned 
little need be said even though it can influence ca- 
tion balances. Thus in sodium depletion states 
the administration of sodium salts as such is far 
more certain (38, 39). 
ployed, as indicated by our data, to remove potas- 


The resin could be em- 


sium. From the theoretical point of view it might 
be useful in patients with renal disease or Addi- 
son’s disease where the combination of potassium 
excess and sodium deficits coexist (36, 40). 
Other far more effective modes of therapy are, 
however, available in Addison’s disease (41). In 
the majority of renal disease states the accumula- 
tion of potassium is too often accompanied by im- 
pending or actual excesses of sodium to permit 
use of the sodium cycle resin. It should be em- 
phasized that these generalizations do not exclude 
the possibility that in isolated clinica! situations 
the characteristics of this resin might be considered 
to be custom-tailored. 

Our experience with the calcium cycle resin 1s 
as yet too limited to permit any definite statement. 
If the conclusions drawn from the hydrogen and 
ammonium cycle studies are valid it should prove 
gram for gram less effective in inducing diuresis, 
since the acidifying effect is absent. This attribute 
may, however, make it useful in cases with renal 
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failure if it serves to increase losses of sodium and 
In this respect it should be 
remembered that the calcium released in the ex- 
changes with other cations could conceivably be 
precipitated with phosphate in the intestinal lumen. 
This event may be useful in modifying the hyper- 
phosphatemia of renal failure and, directly or in- 
directly, the hypocalcemia. However, bivalence, 
high ionic diameter, high atomic weight and posi- 
tion in the electromotive series all make calcium 


potassium in stools. 


elution, in favor of sodium or of potassium, ineffi- 
cient (6-10). 
be considered that the use of milk formulae, be- 


Furthermore the possibility must 


cause of their relatively high calcium content, may 


make the other resins less efficient, since the hy- , 


drogen, ammonium and potassium resins will tend 
to take up calcium in preference to sodium, par- 
ticularly in situations where the concentration of 
sodium in the medium is minimal, as is the case 
with sodium-free milk. 

Our patients did not show any recognizable evi- 
dence of calcium depletion in the relatively short 
time they received these resins. This problem as 
well as the one of negative caicium balances and 
of hypocalcemia during prolonged therapy is still 
unanswered, although it would seem to be a defi- 
nite hazard. In addition hypokaliemia might mask 
the manifestations of tetany (42), and the acidosis 
defer its onset (43). 
vent this effect by supplying additional dietary 


It might be difficult to pre- 


calcium during resin therapy since this would re- 
duce the excretion of sodium and potassium in the 
stool. Similarly we have no information about 
the quantitative effects of these resins on magne- 
sium metabolism. 

Dock has pointed out that the resins as currently 
used are at best efficient to the extent of 50% of 
theoretical capacity (44, 45). A number of possi- 
bilities exist whereby resin efficiency might be 
raised and it may be well to list them briefly here. 
The simplest measure would be to use smaller resin 
particles, and experiments are now in progress, 
employing 200 mesh resin in hopes that this may 
increase sodium uptake. Further, the medium in 
which the resin is administered requires study. 


Suspensions of resin in liquid or semi-liquid form 


in non-ionic vehicles such as cornstarch might well 
increase exchange and permit ingestion of larger 
amounts than presently tolerated in capsules or as 
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a dry powder. Our own data do not include suf- 
ficient no-sodium, milk-free cases to evaluate the 
importance of dietary calcium in blocking resin- 
acceptors and thus preventing sodium uptake. 
Finally, it has long been known that ion exchange 
and uptake is increased by the presence of ethanol 
in the substrate, leading to the suspicion that a 
resin elixir might prove to be both effective and 
acceptable. In addition it may be possible to pre- 
vent acidosis resulting from the ingestion and ex- 
change of the ammonium and hydrogen forms by 
simultaneous administration of an anion exchanger 
or a salt which would decrease the absorption of 
or buffer the released ions. It may also be pos- 
sible to produce resins which contain an organic 
molecule in the exchange position that would be 
utilized in large amounts in the body without 
harmful effects. 

In conclusion it seems very clear that these 
resins provide a valuable additional therapeutic 
means of controlling body water and electrolytes. 
Their variety of effects necessitate, however, an 
adequate understanding of their actions and the 
status of the patient. It would appear best to pre- 
scribe the form of the resin that would most closely 
meet the needs of the individual, and to periodi- 
cally determine the various blood constituents 
during therapy. 

At present perhaps the most extensive use of 
these substances lies in permitting patients requir- 
ing salt restriction to ingest a more palatable diet 
than they could otherwise. The hydrogen and 
ammonium forms of the exchanger with additional 
dietary potassium appear to be most useful in 
patients with edema but with adequate renal func- 
tion; 7.e., congestive heart failure, cirrhosis of the 
liver, and hypoproteinemia. In addition, if suffi- 
cient potassium is supplied they may counteract 
the salt retention, alkalosis and hypochloremia 
which occur during prolonged ACTH or cortisone 
therapy. 


SUMMARY AND CONCLUSIONS 


Some of the newer knowledge available con- 
cerning the effects, modes of action and clinical 
usefulness of the carboxylic cation exchange resins 
reviewed and evaluated. Limitations 


has been 


and possible dangers have been emphasized. 
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ethyl acetate 


new. safer. oral anticoagulant 


Throughout the exhaustive studies on TROMEXAN, involving many hundreds of cases, 
this new anticoagulant has proved singularly free from the dangers of hemorrhagic 


complication. Other advantageous clinical features of TROMEXAN are: 


| more rapid therapeutic response 


(therapeutic prothrombin level in 18-24 hours) ; 


z smooth, even maintenance of prothrombin level 


within therapeutic limits; 


5) more rapid return to normal 


(24-48 hours) after cessation of administration. 


In medical and surgical practice . . . as a prophylactic as well as a therapeutic agent... 


TROMEXAN extends the scope of anticoagulant treatment by reducing its hazards. 


Detailed Brochure Sent on Request. 


TROMEXAN (brand of ethyl biscoumacetate) : available as uncoated scored tablets, 
300 mg., bottles of 50 and 250. 


, GEIGY PHARMACEUTICALS * Division of Geigy Company, Inc. 
Pl 220 Church St., New York 13, N.Y. 
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To help you decide 


~ WHICH Sanborn recording sy 
best meet your needs 
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ECAUSE the need for registration of 
various physiological phenomena—cither 
singly, or simultaneously in twos, threes, or 
fours—varies greatly among the different 
groups engaged in diagnosis, research, or 


Sanborn direct writing recording 
systems provide immediately vis- 
ible, inkless, permanent records 
in true rectangular coordinates. 
Above right: Single channel VISO- 
CARDIETTE. Opposite: Four- 


teaching, Sanborn makes available several 
recording systems, three of which are shown 
and identified at the right. 


channel POLY-VISO CARDIETTE. 
Below: Two-channel TWIN-VISO 
CARDIETTE. 


To help you select the equipment best 
suited to your needs (or budget), Sanborn Company has prepared the above chart 
which clearly shows the scope or applicability of each Sanborn recording system. 
Listed under each instrument are phenomena which are illustrative of the fields in 
which the equipment may be used. Supplementary equipment or attachments, 
where needed, are indicated and briefly described. 

The folder also points out and describes how the ready interchanges 
ability of amplifiers and preamplifiers in the Twin- and Poly-Viso 
makes possible a wide range of recording possibilities. Other factors, 
such as paper travel speeds, are charted for ready reference. We will 
gladly send you a copy of this Applicability Chart or discuss with you 
further how Sanborn equipment can best fit into your recording 
picture. Simply address 


SANBORN COMPANY 


Fine diagnostic instruments since 1917 


CAMBRIDGE 39, MASSACHUSETTS 


OFFICES IN 31 CITIES THROUGHOUT THE U.S.A. 
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LONALAC 





M+ food proparaiton specially danigeet 
pr use in dels of restricted 
tedium content 
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Wren sharp restriction of sodium 
intake is indicated, the basic nutri- 
tional needs of the patient con- 
tinue. And adequate protein intake 
is frequently a therapeutic necessity. 
A problem is therein posed for 
the physician, since foods low in 
sodium are usually low in protein. 
LONALAC®, a product of Mead 
Johnson research in dairy chemis- 
try, contains but 0.02% of sodium, 
a negligible amount. In other re- 
spects, Lonalac is the nutritional 
equivalent of whole milk. 


When reconstituted with water 
and used as a replacement for milk, 
Lonalac can be employed along 
with other foods in varied and nu- 
tritionally adequate diets supplying 
as little as 200 mg. of sodium daily. 

Flexible low sodium diet out- 
lines, with Lonalac recipes, are 
available on request. Also available 
are sodium and potassium values of 
various foods and municipal water 
supplies as determined by the flame 
photometer method in the Mead 
Johnson Research Laboratories. 


LONALAC is supplied in 1 and 4 Ib. containers. 


MEAD JOHNSON & CO. 


EVANSVILLE 21,I1ND.,U.S.A. 
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Mrycin 


dosage forms for 
optimal simplicity and flexibility 


For oral administration, Terramycin is supplied in Capsules of 
3 potencies, as well as in a palatable Elixir and concentrated 
Oral Drops made possible by the unique solubility of this great 
antibiotic agent. Terramycin is the only broad-spectrum anti- 
biotic available in these 3 forms which simplify oral therapy for 
patients at all age and weight levels. 


For the treatment of severe fulminating infections, Terramycin 
Intravenous permits the attainment of immediate high serum 
concentrations. And for topical therapy of ocular infections, 
Terramycin is available as an Ophthalmic Ointment and an 
Ophthalmic Solution, both well tolerated and effective against a 
wide range of micro-organisms causing infection of the eye. 


supplied: Senies 250 mg., bottles of 16 and 100; 100 mg., bottles 
of 25 and 100; 50 mg., bottles of 25 and 100; Elixir: 1.5 Gm. 
in 1 oz. diluent; Oral Drops: 2.0 Gm. in 10 cc. diluent with 
calibrated dropper; Intravenous: 10 cc. vial, 250 mg.; 20 cc. 
vial, 500 mg.; Ophthalmic Ointment: 5 mg. per Gm., % oz. 
tube; Ophthalmic Solution: 25 mg., 5 cc. -vial. 


Antibiotic Division Pfizer) CHAS. PFIZER & CO., INC., Brooklyn 6, N. Y. 


LANCASTER PRESS, INC., LANCASTER, PA. 
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